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ABSTRACT 
The potential effect of road traffic noise on communities is  well 
documented. In response, numerous practices in the management of road 
traffic noise have arisen around the world. One elemental approach to 
road traffic noise management is the concept of ‘self protecting 
buildings’ and a subset of this is the design and acoustical treatment of 
residential balconies. Residential balconies are places where people in 
communities enjoy the outdoor environment, and are likely to be places 
where conversations take place. Consequently, in many locations within a 
city, speech interference on residential balconies due to road traffic noise 
is likely to be a major concern.  The significance of balcony acoustic 
treatments is comprehensively assessed in this thesis by estimating the 
benefit cost ratio of balcony acoustic treatments compared with the 
estimated health costs of a community.  
The acoustics of residential balcony spaces in the presence of road traffic 
noise has been investigated by numerous authors over a period of several 
decades. Several significant studies have been made towards 
understanding road traffic noise and its effects on residential balconies. 
These previous studies have used a variety of techniques such as 
theoretical models, scale models and measurements on real balconies.  
Despite the available literature,  a simple yet reliable design guide to 
predict the acoustics of balcony spaces  across a large number of scenarios 
remains elusive. Additionally, no research has been conducted on the 
combined effects of (i) a full range of balcony acoustic treatment types, 
(ii) street geometries including variable street canyon height and its 
absorptive and diffusion characteristics , and (iii) a full range of balcony 
locations within a street (for example, 100m distance to 100m height 
above street) on the speech interference levels on residential balconies 
with road traffic noise. This thesis completes the necessary research into 
the combined effects of the variables listed above.  
This research has developed a new theoretical and computer model to 
  
 
V 
predict the effects of road traffic noise spatially within the balcony 
volume. The model includes a direct path, a specular reflection path using 
the image source method and a diffuse reflection path using the radiosity 
method. A major input into the model is the sound power of road traffic 
vehicles and part of this research has undertaken a large study into the 
sound power of local road traffic. Accurate sound power data is essential 
to the successful validation between predictions and measurements in the 
analysis. The theoretical and computer model is used in a number of 
coherent studies, (i) to determine spatial variability of sound pressure 
levels within a balcony space with different balcony types, (ii) to validate 
the model with full scale balcony measurements on an acoustically 
treated balcony, (iii) to review numerous balcony locations and street 
characteristics and the comparative effects that nine balcony types have 
on speech interference and transmission, and (iv) to develop a series of 
balcony acoustic treatment design guides to determine effects of different 
balcony types on speech interference level.  
The thesis concludes by confirming all of the stated hypothesis, in 
summary, (i) demonstrating that certain balcony geometries reduce road 
traffic noise levels and reduce speech interference for persons located on 
the balcony, (ii) showing that certain acoustic treatments to balconies 
reduce road traffic noise levels and reduce speech interference for 
persons located on the balcony, (iii) confirming that a combined direct 
path, specular reflection path and diffuse reflection path theoretical 
model can calculate with sufficient accuracy road traffic noise levels and 
speech interference indicators on a residential balcony in an urban street 
environment, and (iv) using the theoretical model to develop pragmatic 
design guides on balcony acoustic treatment selection and optimisation 
for use by acoustic professionals.  
 
Key Words: residential balcony, speech interference level, road traffic 
noise, speech transmission index, street, reverberation time, sound power  
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RT20 
Reverberation Time – The time taken for an impulse sound to 
decay 20 dB from the initial level. 
RT30 
Reverberation Time – The time taken for an impulse sound to 
decay 30 dB from the initial level. 
RT60 or T60 
Reverberation Time – The time taken for an impulse sound to 
decay 60 dB from the initial level. 
SIL Speech interference level 
SPL Sound pressure level 
STI Speech transmission index 
Wp Sound power level of a patch in a radiosity model 
Wε Sound power level of a source 
x Distance 
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CHAPTER 1 INTRODUCTION 
1.1 RESEARCH OUTLINE 
This thesis presents research undertaken into speech interference on 
residential balconies with road traffic noise and specifically investigates 
the effects of various combinations of balcony acoustic treatments . This 
thesis includes a number of research aims and makes several hypotheses . 
The background of this research and its scope and resources are found in 
this introduction. The research background information covers a broad 
range of topics which are necessary to understand the purpose and 
significance of the research. Topics included in the research background 
are the social context of road traffic noise, the global and local impacts of 
road traffic noise, philosophies and practices surrounding road traffic 
noise management and the advantages of balcony acoustic treatments . 
The research has been undertaken in a multi -faceted approach by (i) 
developing a theoretical model, (ii) producing a custom computer model 
for calculations, (iii) using instrumentation and modern techniques to 
measure vehicle sound power, (iv) conducting detailed measurements of 
road traffic noise on a balcony to validate the theoretical and computer 
models, and (v) concluding with the development of a pragmatic design 
guide to assist practitioners in predicting the acoustical effects of 
residential balconies on road traffic noise.  
1.2 THESIS STRUCTURE 
A number of publications were produced during the course of this 
research; and these publications contribute towards a large portion of the 
work in this thesis. The thesis is structured in a way that many of the 
publications are merged into a consistent chapter format. The chapters are 
referenced below, along with a brief summary of their contents and an 
indication of any publication by the author that contributed towards the 
chapter. 
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Chapter 1 - Introduction  (Naish and Tan 2007; Naish, Tan and 
Demirbilek 2012a; Tan, Naish and Demirbilek 2012)  provides the 
research background information, its outline, hypotheses, aims, scope and 
resources. 
Chapter 2 - Literature Review  (Naish and Tan 2007; Naish, Tan and 
Demirbilek 2013a) reviews previous literature on this research topic and 
provides some detail on the contents of this relevant literature.  
Chapter 3 - Research Significance and Innovation  (Naish 2007; Naish, 
Tan and Demirbilek 2011, 2012a; Tan, Naish and Demirbilek 2012)  is 
dedicated to the significance and innovation of this research. The 
significance of balcony acoustic treatments for the mitigation of road 
traffic noise is discussed in terms of estimated health cost savings and 
predicted costs of balcony acoustic treatments across a community.  
Chapter 4 - Methodology (Naish 2010b; Naish, Tan and Demirbilek 
2010, 2012b, 2013a, 2013b, 2013c) outlines the methodology for all parts 
of the research. Firstly, it presents the development of a theoretical model 
which is used to produce calculated results that form the foundation of 
this research. Associated literature reviews on the acoustics behind the 
concepts within the theoretical model are presented and analysed.  
Secondly, the methodology for the measurement of road traffic noise 
sound power levels is provided. Thirdly, the methodology on assessing 
spatial distributions within balcony spaces of different balcony types, 
followed by, fourthly, the methodology implemented for determining the 
effects of nine balcony types on speech interference. Fifthly, the method 
used to conduct measurements on actual balconies is presented. The sixth 
section outlines methods undertaken during the development of design 
guides, and the final section demonstrates the method of compiling the 
final stage of the research, the design guides.  
Chapter 5 - Results - Sound Power (Naish 2010b) compiles the results 
obtained from sound power measurements of individual vehicles across 
the south east Queensland region. The importance of this chapter is to  
demonstrate the necessity of obtaining a detailed understanding of the 
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variability of road traffic noise, and also to determine a suitable sound 
power level to be used in validation and prediction using the theoretical 
model. 
Chapter 6 - Results - Sound Pressure Level Spatial Distribution  
(Naish, Tan and Demirbilek 2010) provides the results of the 
investigation into variability in sound pressure level distributions within 
a balcony space and compares three different balcony types.  
Chapter 7 - Results - Speech Interference  (Naish, Tan and Demirbilek 
2013a) presents the theoretical study into speech interference by 
comparing nine different balcony types and many different street 
geometries and acoustic scenarios.  
Chapter 8 - Results - Balcony Measurements  (Naish, Tan and 
Demirbilek 2013b) provides the results of measurement and prediction 
validation conducted on a balcony constructed with acoustic treatments.  
Chapter 9 - Results - Design Guide Development  (Naish, Tan and 
Demirbilek 2012b) outlines the results of preliminary investigations into 
issues surrounding the development of a design guide for selection and 
optimisation of balcony acoustic treatments.  
Chapter 10 - Results - Final Design Guides (Naish, Tan and Demirbilek 
2013c) details the work leading up to the design guides and presents the 
final design guide.  
Chapter 11 - Conclusion  lists the conclusions made from this research.  
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1.3 RESEARCH BACKGROUND 
1.3.1 Social Context of Road Traffic Noise 
Road traffic noise is present in all cities  yet not all cities and their urban 
built forms are the same. The design and construction of residential 
buildings can be significantly different depending on climate, culture and 
economy although the function is generally the same.  The function of 
residential buildings is to allow humans to be safely habitable in cities to 
support the operation of the local society. While the function of 
residential buildings is the same in all cities, road traffic noise is 
managed differently.  
This raises several interesting questions: 
 Why road traffic noise has varying levels of importance between 
different communities? 
 Is the priority of managing road traffic noise directly related to 
the economic status of a community? 
 Does the urban built environment influence the communities’ 
tolerance of road traffic noise, and if so, how does it influence?  
 Does the vehicle fleet type contribute to a societies’ tolerance? 
 Do climatic influences affect the management of road traffic 
noise, in particular the design of residential dwellings? 
The purpose of this thesis is not to answer these questions; however, 
these questions are raised to provide a background to the importance of 
this research in contributing to social well being, particularly those 
communities that consider road traffic noise to be a serious concern. 
1.3.2 Impacts of Road Traffic Noise 
1.3.2.1 Human health and road traffic noise 
The World Health Organisation (WHO) and the European Commission 
(EC) have been active in recent years in conducting research and 
producing guidelines on noise from transportation. The WHO released 
their Guidelines for Community Noise in 1999 (World Health 
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Organisation. 1999). The WHO Guidelines for Community Noise defines 
an adverse health effect from noise as a “ temporary or long-term 
impairment of physical, psychological or social functioning that is 
associated with noise exposure” . 
The WHO Night Noise Guidelines for Europe (World Health Organisation 
2009) reviews the available evidence and concludes that ( i) sleep is a 
biological necessity, and disturbed sleep is assoc iated with a number of 
adverse impacts on health; (ii) there is sufficient evidence for biological 
effects of noise during sleep, increase in heart rate, arousals, sleep stage 
changes, hormone level changes and awakening; ( iii) there is sufficient 
evidence that night noise exposure causes self -reported sleep disturbance, 
increase in medicine use, increase in body movements and environmental 
insomnia; (iv) while noise-induced sleep disturbance is viewed as a 
health problem in itself (environmental insomnia) it also leads to further 
consequences for health and well -being; (v) there is limited evidence that 
disturbed sleep causes fatigue, accidents and reduced performance and 
(vi) there is limited evidence that noise at night causes clinical conditions 
such as cardiovascular illness, depression and other mental illness.  
The relationships between transportation noise and human health in terms 
of annoyance or sensitivity has been studied numerously over recent 
decades (Ohrstrom, Rylander and Bjorkman 1988; Fyhri and Klæboe 
2009; Dratva et al. 2010; Shepherd et al. 2010)  and environmental noise 
has been identified as a significant public health issue (Passchier-
Vermeer and Passchier 2000; Stansfeld, Haines and Brown 2000; Babisch 
2005). Its effect on sleep and consequent various potential health 
problems has resulted in a dedicated research focus through numerous 
laboratory, field and epidemiological studies and reviews (Griefahn, 
Marks and Robens 2005; Skånberg and Öhrström 2006; Muzet 2007; 
Marks, Griefahn and Basner 2008; Stosic, Belojevic and Milutinovic 
2009; Fidell, Tabachnick and Pearsons 2010; Hume 2010; Pirrera, De 
Valcka and Cluydts 2010; Zaharna and Guilleminault 2010) . The data 
arising from many of these previous studies has led towards the 
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development of equations that can estimate proportions of populations 
affected by environmental noise (refer to Table 1.3 below for an 
example). This is done through the use of dose-response curves 
(European Commission. 2002a, 2004; Miedema and Vos 2004; Berry and 
Flindell 2009) that can be used to predict annoyance and sleep 
disturbance due to varying levels and types of environmental noise. Dose -
response curves coupled with data from regional scale noise mapping can 
be used to predict the actual numbers of exposed people in a community. 
In the last 10 years or so, regional scale environmental noise mapping has 
become a popular mechanism to determine the exposure levels of 
communities to environmental noise (Seto et al. 2007; Ko et al. 2011), 
and has also become mandatory for some parts of the world (European 
Commission. 2002b). 
1.3.2.2 Road traffic noise levels and indicators 
The WHO Guidelines for Community Noise (World Health Organisation 
1999) guideline values related to residential areas for sleep disturbance 
are 45 dB(A) LAeq (8 hour) and 60 dB(A) LAmax outside bedrooms, 30 dB(A) 
LAeq (8 hour) and 45 dB(A) LAmax inside bedrooms, and 35 dB(A) LAeq both 
day time and evening for speech intelligibility and moderate annoyance . 
Outdoor areas are also represented with a guideline of 55 dB(A) 
LAeq (16 hour) to avoid serious annoyance, and 50 dB(A) LAeq (16 hour) for 
moderate annoyance. The WHO Guidelines for Community Noise use the 
LAeq and LAmax indicators for continuous noise and event noise 
respectively. The guideline values (LAeq and LAmax) have been set as the 
lowest noise level that produces an adverse potential health effect for the 
general population. 
The WHO Night Noise Guidelines for Europe (World Health Organisation 
2009) is stated by WHO to be an extension of their Guidelines for 
Community Noise (World Health Organisation. 1999). The guideline 
claims that although several countries have night noise guidelines, there 
is insufficient information on actual exposure and effects on the 
population. On noise indicators, an indicator must have the ability to 
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predict an effect and the chosen indicator should be easy to explain to the 
public and be consistent with existing practices and legislation. Different 
health conditions can have different indicators, for example; ( i) long term 
health effects such as cardio-vascular disease are best correlated with 
long term average noise levels (Lnight); and (ii) short term effects such as 
sleep disturbance are better correlated with single event maximum noise 
levels (LAmax). However Lnight is the indicator of choice from both a 
scientific and practical perspective.  
In the Night Noise Guidelines for Europe the WHO outline their 
recommendations for health protection in relation to the L night level 
outside a dwelling as summarised in Table 1.1. 
Table 1.1: Night Noise Guidelines from WHO based on Lnight 
(World Health Organisation 2009) 
Lnight (Outside) Description 
< 30 dB(A)  
 
Although individual sensitivities and circumstances differ, it appears 
that up to this level no substantial biological effects are observed. 
30 to 40 dB(A) 
 
A number of effects are observed to increase; body movements, 
awakening, self-reported sleep disturbance, arousals. With the 
intensity of the effect depending on the nature of the source and on 
the number of events, even in the worst cases the effects seem 
modest. It cannot be ruled out that vulnerable groups (for example 
children, the chronically ill and the elderly) are affected to some 
degree. 
40 to 55 dB(A)  
 
There is a sharp increase in adverse health effects, and many of the 
exposed population are now affected and have to adapt their lives to 
cope with the noise. Vulnerable groups are now severely affected. 
> 55 dB(A)  
 
The situation is considered increasingly dangerous for public health. 
Adverse health effects occur frequently, a high percentage of the 
population is highly annoyed and there is some limited evidence that 
the cardiovascular system is coming under stress. 
  
The ultimate target is an Lnight of 30 dB(A), however it is recognised that 
many European Union member states cannot achieve this for various 
reasons. Therefore the Night Noise Guidelines for Europe propose a first 
stage interim target of 55 dB(A) Lnight, a second stage interim target of 40 
dB(A) Lnight and a final stage that meets the night noise guideline of 30 
dB(A) Lnight (World Health Organisation 2009). 
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Table 1.2: Interim targets for night noise from WHO (World Health 
Organisation 2009) 
Interim  Target Level, Lnight (Outside) 
Interim Target I 55 dB(A) 
Interim Target II 40 dB(A) 
Night Noise Guideline 30 dB(A) 
  
In 2002, the European Commission released their ‘Position paper on dose 
response relationships between transportation noise and annoyance’ 
(European Commission. 2002a). The purpose of their position paper was 
to synthesise available research to develop dose-response curves for 
estimating the number of annoyed or highly annoyed people based on an 
external noise level. The dose-response curves shown in Figure 1.1(a) are 
based on the Lden. Dose response curves based on the Lnight have been 
outlined in the European Commission ‘Position paper on dose -effect 
relationships for night time noise’ (European Commission. 2004) and are 
shown in Figure 1.1(b). The algorithms derived for the dose-response 
curves are provided in Table 1.3. 
 
Figure 1.1: (a) Dose-response curves for Lden and (b) Lnight from road traffic noise. 
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Table 1.3: Dose response curves for annoyance (Lden (European 
Commission. 2002a)) and sleep disturbance (Lnight (European 
Commission. 2004)) from road traffic. 
Annoyance or Sleep Disturbance Dose Response Equations 
                    
                   
                 
                      
                    
                 
                                   
   
                                  
   
                                   
   
A = Annoyed 
HA = Highly Annoyed 
HSD = Highly Sleep Disturbed 
SD = Sleep Disturbed 
LSD = Lowly Sleep Disturbed 
 
The summary above demonstrates the indicators currently being used by 
many European countries. Meeting the noise level guidelines can be quite 
onerous, and it will be demonstrated in Chapter 3 that a significant 
proportion of communities in Queensland are subject to road traffic noise 
levels in excess of these guidelines. This research does not intend to 
discuss noise level guidelines and the ability to meet them in any more 
detail than described above, however to say that there are benefits 
obtained in taking small steps towards meeting the guidelines. Balcony 
acoustic treatments may be considered as one mitigation option out of 
many that leads to closing the gap between guideline values and actual 
road traffic noise levels.  
1.3.2.3 Costs and benefits of road traffic noise management 
Determining the proportion of exposed community due to environmental 
noise can provide sufficient background information to answer critical 
questions relating to the cost or benefit of proposed acoustic mitigations. 
Building designers and urban design policy makers are interested in the 
expected cost impacts on the wider community due to their designs and 
policies. Building design policies relating to environmental noise are 
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aimed at improving the lives of people in communities by reducing 
exposure sound pressure levels. This can be called the community benefit . 
In almost all scenarios available to an acoustic designer, the community 
benefit induces an economic cost such as higher building construction 
costs, lower profit yields for developers or less available land for 
residential purposes. However, these economic costs can be offset by 
investigating the economic perspective of the community benefit. This is 
done by estimating the economic benefit due to the improvement in 
peoples’ lives, for example, being less sleep disturbed results in fewe r 
health costs. 
There are a number of studies aimed at determining health costs 
associated with sleep disturbance or disorder (Hillman, Murphy and 
Pezzullo 2006; Daley et al. 2009; Ohlmann and O'Sullivan 2009; Leger  
and Bayon 2010) and other studies have focused on relationships between 
sleep disturbance and other perspectives such as workplace productivity 
or fatigue related accidents leading to lost work time (Bedrosian 2008; 
Rosekind et al. 2010 ) . A smaller number of studies investigate 
environmental noise as the cause of the sleep disturbance (Riethmuller et 
al. 2008; Rocha and Carvalho 2009; IGCB(N). 2010) . The relationship 
between urban design and public health has also generated discussion 
(Dannenberg et al. 2003) and there are continuing efforts to improve the 
links between public health and environmental noise annoyance into noise 
policies (Miedema 2007). There appears to be limited publications on the 
costs associated with specific acoustic building design standards and 
policies, particularly those related to proposed changes in building design 
policies. Also, there is limited linkage derived backwards to estimate 
community benefits which would offset the cost of any particular policy.  
There appears to be limited literature that aims to combine all data from 
regional scale environmental noise mapping, the predicted economic costs 
of acoustic building design policies, the predicted proportions of 
community affected by environmental noise and the predicted community 
benefits obtained from reduction in noise levels. Consequently, Chapter 3 
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outlines a method used in a local study in Queensland that attempts to 
combine all such data to determine the significance of balcony acoustic 
treatments. It relates regional scale road traffic noise mapping data and 
predicted population dose-response with predicted mitigated road traffic 
noise levels from residential balcony acoustic treatments as an example. 
It outlines the methodology used and issues encountered, such as the use 
of different environmental noise indicators and lack of suitably accurate 
data which forces some broad assumptions. One of the intentions of 
Chapter 3 is to promote this approach in environmental noise research 
and noise policy endeavours.  
1.3.2.4 Queensland’s impacts 
The impact of road traffic noise in Queensland, Australia has been 
extensively investigated by the author, using a wide scale mapping 
procedure that made a simplified road traffic noise prediction to the 
centre of all residential parcels in Queensland  (Naish 2007). That study 
indicated that in metropolitan areas, nearly 11% of the population would 
be exposed to road traffic noise levels that exceed 65 dB(A) LA10(18 hour)  
as a free field level, which is a level commonly considered to be 
excessive. Over the entire area of Queensland, including extremely low 
population density areas of western rural Queensland, approximately 6% 
of the population may be exposed to levels greater than 65 dB(A) LA10(18 
hour) in the free field.  
1.3.2.5 Impact of climate on residential building design 
The questions in Section 1.3.1 above also highlight the need to consider 
the climatic environment of where this research was undertaken, being 
Queensland, Australia. The majority of Queensland’s population is 
distributed into regions of tropical and subtropical climates located on the 
east coast of Queensland. These climates allow opportunities for people 
to enjoy outdoor recreation almost all year.  Queenslanders’ tend to take 
pride in the quality of their outdoor living and recreation, within their 
dwellings and in public spaces.  
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This is presumably in contrast to the much colder climates, such as 
northern Europe, northern America and northern Asia. It is often 
conjecture in Queensland that environmental acoustics management 
requires a different perspective to that of colder climates because 
residents in warmer climates tend to have much greater use of the 
outdoors and also leave external openings in the dwellings wide open  to 
allow ventilation. This may also require a different perspective on 
building orientation and design with regards to road traffic noise.  As the 
climate in Queensland promotes natural ventilation  for dwellings, there is 
generally little need to provide heating and cooling air conditioning, 
except on a few extreme meteorological event per year ( for example, high 
and low temperatures).  
Traditional methods of road noise attenuation consist of a combi nation of 
noise barriers and architectural treatment of a building facade. When 
external noise levels are high, the only means of achieving internal noise 
level guidelines is to close all external openings such as windows and 
doors. Natural ventilation is thus impeded, and occupants are required to 
provide artificially induced ventilation; and air conditioning if thermal 
comfort control is desired. Artificial ventilation will usually result in 
increased energy consumption of a dwelling, which impacts on a 
societies’ ability to manage natural resources. Limiting natural 
ventilation will also impact on the indoor air quality. As a result, the 
management of road traffic noise for residential dwellings in Queensland, 
Australia, is commonly thought to directly impact the thermal comfort 
and indoor air quality of the inhabitants . Whilst these issues have been 
debated between developers, planners, acoustic professionals and the 
government, the presence of clear guidelines on the relationships between 
acoustic treatments of dwellings for road traffic noise and energy 
efficiency and natural ventilation have not been adequately presented in 
order for concise planning to be made.  The issue becomes an important 
aspect for balcony acoustic treatments if the treatments reduce road 
traffic noise sufficiently to allow the internal inhabitants to feel 
comfortable with natural ventilation.  
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1.3.3 Management of Road Traffic Noise 
It is recognised that road traffic noise cannot be eliminated, and thus 
needs to be managed. Management is the first tier of policy development, 
and includes all options from ‘do nothing’ through to a variety of forms 
and combinations of physical, political, social and economic 
manoeuvring, either on short term or long term planning scales. It is not 
intended here to discuss road traffic noise management in its entire depth, 
rather to focus on certain aspects of the ‘physical’ environment and the 
options available to manage road traffic noise within that dimension.  
There are a limited number of methods available to reduce transportation 
noise, or more specifically road traffic noise, within building spaces. If 
the option to reduce the sound power of transport vehicles is excluded, 
then attenuation can only be provided along the sound path and at the 
receiver. Road noise attenuation usually consists of a combination of 
noise barriers and architectural treatment of a building facade. In terms of 
dwellings, these options practically include street geometrics and street 
furniture (including noise barriers) and building design (including 
balcony acoustic treatments and facade acoustic design).  
It is difficult to reduce road traffic noise levels to outdoor recreational 
space areas within residential development next to roads with even a 
moderate level of traffic. For low set detached dwellings, the main option 
can be the use of noise barriers. However noise barriers are not a feasible 
option for upper or multiple storey balconies and terraces. For multi -
storey residences, once the overall building design layout is finali sed, 
acoustic treatments to the balcony are usually the only remaining option 
to reduce road traffic noise levels to their outdoor recreation spaces.  
1.3.3.1 Local policy, legislation and future urban direction 
Road traffic noise for major and strategic roads in Queensland, Australia 
is mainly managed by the Queensland State Government, Department of 
Transport and Main Roads and the respective Local Government 
Authority. The Department of Transport and Main Roads (TMR) provides 
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for a consistent approach to the management of road traffic noise to 
residential dwellings through the implementation of a State wide 
guideline, the Road Traffic Noise Management: Code of Practice 
(Queensland Department of Main Roads 2000, 2008) . The TMR guideline 
provides criteria for existing residential and proposed residential 
development. There is specific mention in the guideline for outdoor 
recreational areas for proposed residential development, whereas this is 
not the situation for existing residential development.  
The release of the Queensland Government South East Queensland 
Regional Plan for 2005 to 2026 (Regional Plan) (Queensland Government 
2005) is likely to increase the percentage of the population exposed to 
road traffic noise. One of the aims of the Regional Plan is to constrain 
urban sprawl and promote higher density residential areas. The result is 
likely to be an increase in multi-unit residential development located near 
major transit and shopping areas. It is reasonable to assume the 
proportional number of complaints on road traffic noise will not 
diminish, a similar trend seen in Europe (World Health Organisation 
2000). 
1.3.3.2 Zones of responsibility 
Figure 1.2 diagrammatically shows an urban street with a mixture of 
detached and apartment style dwellings, some existing and oth ers 
proposed. The figure also shows a noise barrier providing attenuation to 
the existing detached dwellings. The figure is used to describe the zones 
of responsibility that exist in Queensland, Australia with regards to road 
traffic noise management.  
Firstly on Item 1 in the figure, the vehicle design and its sound power 
level is under the jurisdiction of the Australian Federal Government 
through its Australian Design Rules. This is the appropriate place to 
enforce legislation towards the ongoing reduction  in vehicle sound power 
levels.  
Item 2 relates to the second tier of government, such as the State of 
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Queensland. The Queensland Government is responsible through its 
environmental legislation to manage road traffic noise. For existing 
dwellings (Item 4 and 5) the State Governments’ road traffic noise 
management opportunities are largely limited to works within the road 
corridor such as vehicle speed, road surface pavement type and road 
geometry, but generally a feasible option for existing detached dwellings 
is noise barriers (Item 3). Proposed dwellings (Item 6) provide a separate 
set of management opportunities via the implementation of development 
conditions resulting from a road traffic noise predictive assessment. This 
predictive road traffic noise assessment will take into account the road 
traffic noise level (from Item 1), the road characteristics (from Item 2), 
the existing environment (Items 3, 4 and 5) and the design of the 
proposed dwellings (Item 6).  
 
Figure 1.2: Zones of responsibility for road traffic noise in 
Queensland, Australia 
If the proposed dwellings are high rise apartment buildings, the 
management opportunities available to the developer are limited ( for 
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example, Item 3 noise barrier is not feasible). The developer’s 
responsibility is constrained within the dwelling design (Item 6) yet there 
are some opportunities to contribute to the design of street canyon 
acoustics (Item 7).  
The complexity of road traffic noise management shown in Figure 1.2 
illustrates the myriad of zones of responsibility. This myriad of 
responsibility and numerous lines of authoritative communication lead to 
inevitable conflict, with the ultimate force being the developers’ need to 
financially justify their project. In regards to balcony acoustic treatments, 
these are mostly seen by developers as an unnecessary increase in cost to 
a project and thus the use of balcony acoustic treatments is often 
strenuously opposed. 
Various government departments are also in conflict over competing 
jurisdictions, for example, officers concerned with improving energy 
efficiency versus the noise control officers and environmental health 
officers. The competing interests of government departments also create 
confusion for the building certifiers and development of building codes or 
guidelines. 
However, it is generally known to planners and acoustic professionals 
that balconies can provide reductions in road traffic noise, yet there is no 
commonly applied method for the prediction of the acoustic influence of 
balconies. Acoustic treatments prescribed have generally consisted of 
solid parapets with minimised gaps and also appropriate acoustic 
absorption material for the soffit above the balcony landing. This 
configuration can be found in general planning for road noise guidelines 
(Australian Government 2008). 
The final and pivotal zone of responsibility is the acoustic professional 
(Item 8). It is the knowledge of the acoustic professional that is best able 
to guide development to the most appropriate acoustic design  through the 
use of well based techniques combined with innovation. Disappointingly 
however, in the author’s experience, acoustic professionals commonly 
employ significantly different assessment methods for determining the 
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effect of balconies and balcony acoustic treatments on the road traffic 
noise level on the balcony and also on the noise levels inside the adjacent 
room. Some examples of the methods observed in road traffic noise 
management reports are as follows:  
 Ignore the presence of a balcony altogether, which neglects 
whether the balcony raises or lower external noise levels for the 
adjacent room; 
 Include the edge of the balcony as a barrier edge to provide 
shielding to a point external to the adjacent room (which ignores 
the potential for the balcony ceiling to raise noise levels due to 
reflection); 
 Apply arbitrarily an overall noise level reduction, ranging 
between 3 dB(A) to 10 dB(A) to the predicted noise level in the 
absence of the balcony (which ignores the potential for the 
balcony to raise noise levels due to increased reflections);  and 
 Model a solid parapet as a noise barrier, and use barrier 
attenuation algorithms to predict a reduction in noise levels 
outside the façade of the adjacent room (which ignores the 
potential for the balcony to raise noise levels due to increased 
reflections). 
Due to the diverse range of methods employed by acoustic professionals 
for the prediction of road traffic noise on balconies, it would appear that 
there is little guidance on the topic in the acoustic industry . The 
geometrical configurations and locations of balconies are numerous. 
Without a pragmatic set of algorithms to determine the influence on road 
traffic noise, acoustic consultants and planners will continue to follow a 
diverse and inconsistent approach.  
Coupled with the above, there is an economical imposition placed on the 
development due to a requirement for installing balcony acoustic 
treatments. If the quantitative benefits to the resident cannot be clearly 
defined, the developer would appear entitled to raise questions regarding 
the benefits and costs of balcony acoustic treatments.  
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1.3.3.3 Zones of interest for balconies 
Figure 1.3 pictorially defines three zones of interest when researching or 
assessing the significance of balcony acoustic treatments. The ‘Internal 
Zone’ is where people will either work, communicate, relax or sleep 
within their dwellings, and is the zone where annoyance and sleep 
disturbance will be assessed. The ‘Balcony Zone’ is where people will 
work, communicate or relax in their private open spaces. The ‘Reference 
Zone’ is essential to consider as this is where most acoustic assessments 
will predict environmental traffic noise levels to and thus is the only 
convenient location where compliance protocols can be established. 
 
Figure 1.3: Zones of interest for balcony acoustic treatments 
The author’s local area is in the state of Queensland, Australia, which has 
most of its urban population located in coastal areas, which are either 
tropical or subtropical. In such climates, natural ventilation is an 
important aspect of a dwelling. Consequently, both the spatial level 
variance within the balcony (‘Balcony Zone’) and the effect the balcony 
has on internal noise levels (‘Internal Zone’) have equal importance . 
1.3.4 Balcony Acoustic Treatment Advantages 
The concept of ‘self-protecting buildings’ in terms of environmental 
noise such as transportation noise has been presented for a number of 
Internal 
Zone
Balcony 
Zone
Equal Importance
Reference 
Zone
  
 
19 
decades. It has been defined by Oldham and  Mohsen (1979b) as: 
“A building is said to be self-protecting when part of the structure acts to 
shield one or more of the acoustic weak points on the façade from direct 
exposure to noise”.  
Balconies and their placement and dimensions , strategically or otherwise 
fall directly into this definition of self protecting buildings. 
Consequently, and in reference to the background information above, 
there are three major advantages of providing balcony acoustic treatments 
(Naish and Tan 2007), as follows: 
(a) Reducing spatial variances of road transportation noise 
within the balcony space.  
(b) Assisting compliance with internal noise level criteria. (As 
the required transmission loss for façade elements is 
reduced, this potentially provides construction cost savings. 
Also, the additional cost of installing the balcony acoustic 
treatments may be balanced by reduced construction costs 
for the façade.) 
(c) Promoting the ability to have natural ventilation. (Balcony 
acoustic treatments will reduce internal noise levels in 
adjacent rooms when the external openings protected by the 
balcony acoustic treatments are opened for natural 
ventilation. The balcony acoustic treatments thus increase 
the operational flexibility of the adjacent room, and may 
improve residents' tolerance of the external noise 
environment. It can be expected that balcony treatments may 
not provide all the attenuations necessary to meet internal 
noise criteria, however the resulting reductions should be 
noticeable.) 
Prior to being able to quantify the advantages of balcony acoustic 
treatments in terms of road traffic noise  in the ‘Internal Zone’ , it is 
essential to estimate the road traffic noise level in the ‘Reference Zone’ 
(refer to Figure 1.3). Secondly, the effect of the balcony acoustic 
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treatment within the ‘Balcony Zone’ must be determined. It has been 
demonstrated that different balcony configurations will result in widely 
varying spatial noise levels, reported by Naish, Tan and Demirbile k 
(2010). The difference in road traffic noise level in the ‘Internal Zone’ 
can be predicted and consequently the overall advantages of the balcony 
acoustic treatment can be established.  
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1.4 RESEARCH HYPOTHESES 
The hypotheses of this research are: 
1. Certain balcony geometries reduce road traffic noise levels 
and reduce speech interference for persons located on the 
balcony. 
2. Certain acoustic treatments to balconies reduce road traffic 
noise levels and reduce speech interference for persons 
located on the balcony.  
3. A combined direct path, specular reflection path and diffuse 
reflection path theoretical model can calculate with 
sufficient accuracy road traffic noise levels and speech 
interference indicators on a residential balcony in an urban 
street environment. 
4. A combined direct path, specular reflection path and diffuse 
reflection path theoretical model can produce calculations 
for a sufficient sample size of certain geometries and 
acoustic treatments to produce a series of pragmatic design 
guides for use by acoustic professionals . 
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1.5 RESEARCH AIM 
The overall aims of this research are: 
(a) To promote awareness of the benefits of acoustic treatments 
of balconies to acoustic professionals, architects and 
building designers; and 
(b) To combine existing knowledge to enable consistent 
interpretations on the acoustics of balcony spaces ; and 
(c) To optimise building design practices for residential 
buildings in high road traffic noise environments; and 
(d) To potentially improve the health of residents living adjacent 
to high road traffic noise environments.  
The ancillary aims of this research are:  
(a) To confirm the research hypotheses (Section 1.4); and 
(b) To quantify some of the relationships between certain 
balcony geometries and acoustic treatments . 
(c) To develop design principles and guidelines to assist 
planners, architects and acoustic and environmental health 
professionals in designing residential buildings in Australia. 
(d) To enlarge the understanding of the professional acoustic 
community, particularly in Australia on the benefits  of 
acoustic design treatments of residential balconies.  
(e) To establish a body of research that demonstrates the 
benefits of certain balcony geometries and acoustic 
treatments. 
(f) To encourage the use of certain balcony geometries and 
acoustic treatments for residential balconies in Queensland, 
Australia. 
1.6 RESEARCH SCOPE 
The scope of this research is as follows:  
(a) Review literature on:  
(i) Road traffic noise on residential balconies . 
  
 
23 
(ii) Urban street acoustic calculation methods.  
(iii) Speech interference indicators.  
(b) Establish a unique theoretical and computer model which 
calculates road traffic noise and speech interference 
indicators on a residential balcony for various geometrical 
and acoustical configurations.  
(c) Conduct calculations using the uniquely developed 
theoretical and computer model.  
(d) Conduct measurements on a full scale balcony. 
(e) Using measured data, confirm the validity of the unique 
theoretical and computer model for calculating road traffic 
noise levels on residential balconies. 
(f) Analyse calculated results obtained from the unique 
theoretical and computer model for road traffic noise levels 
and speech interference indicators. 
(g) Compile calculated results into a series of pragmatic design 
guides for acoustic professionals for use in architectural, 
building design and town planning projects. 
1.7 RESEARCH RESOURCES 
This research has been undertaken with the following resources: 
(a) Queensland University of Technology (QUT) has provided 
the necessary supervision and facilities to conduct the 
research, access to literature and computer  software for 
analysis. 
(b) Acoustic measurement equipment has been supplied by 
Queensland Government Department of Transport and Main 
Roads (TMR). 
(c) QUT has provided access to the field measurements location; 
an existing balcony containing acoustic treatments.  
(d) TMR has provided the author a certain amount of time in 
order to conduct parts of this research and preparation of this 
thesis. 
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CHAPTER 2 LITERATURE REVIEW 
This literature review is divided into three sections.  The first section 
deals with literature specifically pertaining to road traffic noise on 
residential balconies.  The second section deals with literature on the 
acoustic characteristics of urban streets and its various prediction 
methods. The third section covers speech interference. 
2.1 ROAD TRAFFIC NOISE AND RESIDENTIAL BALCONIES 
The acoustics of residential balcony spaces in the presence of road traffic 
noise has been investigated by several authors over a period of several 
decades. This section reviews the methods and results of the key 
literature available on the acoustic properties of residential balconies in 
the presence of road traffic noise.  A more concise review of most of this 
literature is found in Naish et al  (2007). 
Previous research by others has involved a range of methods from full 
scale measurements (Gustafsson and Einarsson 1973; May 1979; Tzekakis 
1983; Li et al. 2003; Lee et al. 2007)  to scale modelling (Mohsen and 
Oldham 1977; Oldham and Mohsen 1979a; Hammad and Gibbs 1983; 
Cheng, Ng and Fung 2000; Kropp and Berillon 2000; Hossam El Dien and 
Woloszyn 2005; Tang 2005) and theoretical models (Mohsen and Oldham 
1977; Oldham and Mohsen 1979a; Hothersall, Horoshenkov and Mercy 
1996; Cheng, Ng and Fung 2000; Kropp and Berillon 2000; Li et al. 2003; 
Hossam El Dien and Woloszyn 2004, 2005; Lee et al. 2007) . More 
recently, the research has been largely focussed in Hong Kong where the 
issues of high rise apartments in close proximity to high levels of road 
traffic noise are highly prevalent. The continuation of use of scale models 
(Tang 2010) and theoretical model (Tong, Tang and Yeung 2011; 
Ishizuka and Fujiwara 2012) partially demonstrates the ongoing need to 
further understand the technical aspects involved in balcony acoustic 
treatments throughout the world.  Table 2.1 summarises this key literature 
and its focus (internal or external) and its methods (theoretical model, 
scale model or full scale measurements) . 
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Table 2.1: Key literature contributions compared with this research 
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(Gustafsson and Einarsson 1973)         
(Mohsen and Oldham 1977)    (a)     
(May 1979)         
(Oldham and Mohsen 1979a)    (a)     
(Oldham and Mohsen 1980)    (a)     
(Tzekakis 1983)         
(Hammad and Gibbs 1983)         
(Hothersall, Horoshenkov and Mercy 1996)    (b)     
(Cheng, Ng and Fung 2000)    (c)     
(Kropp and Berillon 2000)    (d)     
(EN12354-3 2000)         
(Li et al. 2003)    (e)     
(Hossam El Dien and Woloszyn 2004)    (f)     
(Hossam El Dien and Woloszyn 2005)    (f)     
(Tang 2005)         
(Lee et al. 2007)    (g)     
(Tang 2010)         
(Tong, Tang and Yeung 2011)     F    
(Ishizuka and Fujiwara 2012)    (h)     
This research    (i)     
(a) Incoherent point source with one ground reflection. 
(b) Boundary Element Method (BEM) in 2 dimensions. 
(c) Acoustic diffraction theory. 
(d) Greens function and the Helmholtz equation. 
(e) Modification to CoRTN method using image sources. 
(f) Pyramid ray tracing model. 
(g) Commercially available software. 
(h) 2D BEM with mode expansion. 
(i) Combined direct, specular reflection (image source method) and diffuse reflection (radiosity 
method) model. 
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2.1.1 Full Scale Measurements on Balconies 
Gustafsson (1973) produced one of the first full scale measurement 
studies on gallery houses, where the balcony is typically a semi -enclosed 
type with a solid parapet. In that study, the effect of road traf fic noise 
reduction provided by the gallery was categorised into five variables, as 
follows: 
(a) the height of the barrier;  
(b) the height of the opening between the top of the parapet and 
the balcony ceiling;  
(c) the depth of the balcony;  
(d) the sound absorption properties of the balcony ceiling; and 
(e) the direction of the incident sound.  
Measurements were conducted at three locations, one external and two 
internal inside adjacent rooms on the ground and first floor levels.  Some 
of the measurements considered aircraft flyover noise; however these will 
not be repeated here. The measurements from road noise considered a 
truck pass-by, and three source to receiver angles were considered (135 , 
90 - which is normal to the road, and 45), however it was discovered 
that there was little difference in the results between these variables.  
Overall, the measurements indicated that with a solid parapet and highly 
absorptive treatment on the ceiling, internal noise reductions were 
increased by 4.5 dB(A) compared to no parapet or ceiling absorption. 
This study was a key early study into the effects of balconies, and 
provided some introduction into the topic but its scope was limited and 
did not provide information to inform the acoustic effects of other 
building designs. 
May (1979) investigated noise levels on high rise balconies compared 
with levels at ground level, and also the spatial variance of road traffic 
noise levels on balconies. The study did not consider the effects within an 
adjacent room. The study was specifically targeting situations where 
intervening ground was absorptive, and not typically of built up urban 
streets. There were three parts to this study, Part A being the noise in the 
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balcony compared to a reference position outside the balcony.  Secondly, 
Part B investigated the effect of absorption within the balcony and 
thirdly, Part C considered the effect of the increase in road noise level 
with height above the road due to the increasing reduction in ground 
absorption attenuation.  
The study measured levels on high rise balconies approximately 40m to 
80m from the pavement edge of a nearby freeway.  The range of noise 
descriptors measured were Leq, L5, L10, L50, L90 but only Leq were 
presented as apparently similar trends were found for all descriptors.  
A reference measurement position was established approximately 2.4m 
(8ft) away from the front edge of the balcony floor.  The reference 
position was used to normalise the measurements. This appears to have 
become a standard practice in field measurement work by others 
(Tzekakis 1983; Li et al. 2003) but has been critically reviewed by Tang 
(2005). It was assumed by May that the level at the reference position 
would be approximately 3 dB over the purely incident wave due to façade 
reflection. This assumption was not further verified and is contradictory 
to the assumptions of Tzekakis (1983). Li et al. (2003) determined by 
simple measurement experiment that noise levels outside a balcony vary 
by approximately 1 dB(A) and are likely to approximate free field 
conditions when compared with predictions from the CoRTN (Department 
of Transport Welsh Office 1988)  method. It appears then that May could 
have overestimated the reflective influence of the facade at the reference 
position, particularly as it is 2.4 m away from the balcony.  
It was discovered that for a 17
th
 floor balcony, road traffic noise 
increases by around 3 dB(A)/m with height above the floor, however a 
further inspection of the data suggests this is an oversimplification.  This 
result related to balconies with similar locations and with solid parapets 
only. It was also measured that noise near the ceiling of the balcony was 
around 7 dB(A) above the reference position level where as the level 
behind balcony parapet was similar to the reference position level.  
Various absorption configurations were installed, such a s (i) on the 
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ceiling; (ii) on the back wall and ceiling; and finally (iii) on all surfaces 
facing internally within the balcony.  The results, which are summarised 
in Figure 2.1, indicated that provision of absorption within the balcon y 
provided a high level of LAeq  reduction compared to the LAeq  measured 
without absorption. 
 
Figure 2.1: Data from May (1979), height above floor units 
converted from feet to metres, Absorption Cases: Curve 1 – ceiling 
only, Curve 2 – ceiling and back wall, Curve 3 – all surfaces 
May (1979) suggested that the diffuse field sound reduction benefit from 
absorptive treatments can be estimated by the ratio of total absorption, 
before and after treatment using Eq. 1 where    is the untreated case and 
   is the treated case.  
            
  
  
  (1) 
 
The conclusions from May's study can be summarised as follows:  
 Due to reducing ground absorption, road traffic noise levels 
increase for high floor levels within high rise buildings, and can 
be approximately 10 dB(A) greater than at ground floor;  
 Sound absorption treatments on balconies with solid parapets can 
provide a spatial average reduction of 4 to 5 dB(A) for ceiling 
only treatments and up to 10 dB(A) reduction can be achieved 
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with absorptive treatments to all internal balcony surfaces.  
Other conjectures provided by May are:  
 Sound reductions provided by balconies can reduce the 
transmission loss requirements for the façade to  the adjacent 
room; and 
 The additional reduction near the floor of the balcony could be 
useful for consideration of natural ventilation openings.  
Tzekakis (1983), like Oldham et al. (1979a) mentioned that the 
attenuation provided by balconies may be useful in improving the 
availability of natural ventilation.  Tzekakis also mentioned that in 
warmer climates outdoor semi-enclosed living spaces are desirable and 
also improve sun protection to the dwelling.  The link between two 
variables, acoustic protection and thermal protection afforded by 
balconies was highlighted.  
The purpose of Tzekakis' study was to study spatial differences in the 
acoustic field in the balcony spaces and also part way into an adjacent 
room. The study was measurement based, with differences in the sound 
field contours in a vertical plane provided by various forms of balcony 
construction being compared. The source of noise was generated by 
actual road traffic in each measurement.  At each site there were 12 
external points and 8 internal points and the sound field contours were 
generated by this data. One microphone was permanently fixed at a 
reference location, similar to May (1979) and a second microphone was 
used to measure at each of the spatial points.  The distance from the 
balcony edge to the reference position has not been provided. All 
measurements were normalised to a 75 dB(A) reference point level and 
all measured levels were in terms of LAeq. Tzekakis used the reference 
position as a normalising level, and did not provide consideration 
whether the reference position was free field or influenced by the facade.  
However for the purpose of the study it is appropriate as all the measured 
levels are normalised to remove the variability of the measurements 
expected from daily variations in the road traffic noise level.  
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Seven cases were measured, with 6 different acoustic treatment 
arrangements. Table 2.2 summarises the results in tabular form, for each 
of the measurement cases. The balcony chosen for measurement was a 3
rd
 
floor balcony, 11.6m above the road, wi thin a narrow street of 
approximately 15m wide with buildings on both side of the street, each 
building being around 7 stories high.  
Table 2.2: Summary of the measured noise level reduction results 
from Tzekakis (1983) 
Case Case description Upper Balcony Lower Balcony 
Case 1 
Balcony without any modifications 
(open door). 
- - 
Case 2 Solid parapet, 0.88 m high. 3 dB(A) 5 dB(A) 
Case 3 
A horizontal extension, 0.40 m out 
from the top of the solid parapet in 
Case 2. 
3 dB(A) 5 dB(A) 
Case 4 
One absorbing strip to ceiling without 
a solid parapet. 
1 dB(A) 2 dB(A) 
Case 5 
Two absorbing strips to ceiling 
without a solid parapet. 
2 dB(A) 2 dB(A) 
Case 6 
As per case 5 but with one absorbing 
strip to the ceiling inside the room. 
2 dB(A) 3 dB(A) 
Case 7 All measures combined, Cases 2 to 6. 4 dB(A) 5 dB(A) 
    
Overall, with the highest level of treatment, a 4 to 5 dB(A) reduction was 
observed which exactly matches the measured reductions of May (1979) 
for a similar balcony configuration with ceiling treatment.  
Cheng et al (2000) also included a small full scale measurement to 
support their theoretical and scale model study.  Their study is discussed 
in Section 2.1.2. 
Li et al. (2003) aimed to develop a simple prediction method for noise 
within balcony spaces and adjacent to the façade of balconies.  The 
method proposed used a geometrical modelling approach based on the 
CoRTN algorithms (Department of Transport Welsh Office 1988) . The 
prediction method developed utilised ray tracing procedures to a specific 
receiver point on the balcony.  Measurements were made in the study and 
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comparisons with predictions were produced.  
Several assumptions were made for the proposed method, as follows:  
 It was assumed that in the illuminated zone, barrier attenuation 
was as per the CoRTN method.  
 The total noise level is the sum of the direct and reflect ive paths, 
where two or three orders of reflection were modelled.  
 The reflected ray due the balcony floor can be neglected, because 
the receiver is deep in the shadow zone.  
 Side diffraction is ignored.  
 All surfaces in the balcony produce specular reflections ( that is, 
smooth surfaces). Therefore no internal diffusivity is included.  
 There is no façade reflection if the receiver is located in front of 
open balcony door.  
The prediction method is thus simplified to consider first order specular 
reflections from the balcony ceiling and back wall only, in addition to the 
direct paths (diffracted or not diffracted).  
Site measurements were conducted on several balconies.  At each balcony 
measurements were at 0.5m, 1.0m, 1.5m and 2.0m above the balcony 
floor. The locations were typically, (i) at the centre of the balcony; (ii) 
near the sides of the balcony; and (iii) at the façade near the balcony door 
or opening. Similar to May and Tzekakis (May 1979; Tzekakis 1983), a 
control point was established 1m outside the balcony with direct line of 
sight to the road source. It was assumed that the reference location can be 
regarded as free field and to test this assumption, four simultaneous 
measurements were conducted at various distances from the front parapet 
of the balcony. Although the distances from the front parapet to the 
microphone locations were not provided, levels outside the balcony 
varied with an average value of 1.0 dB(A).  These levels were also found 
to correlate well with free field CoRTN predic tions and thus it was 
considered the free field reference position assumption was valid.  
The balconies were chosen at low, medium and high levels of buildings as 
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indicated in Table 2.3.  
Table 2.3: Balcony measurement locations from Li et al. (2003) 
Site 
Floor 
Levels 
Height, 
m 
Distance, m 
(perpendicular) 
Configuration Description 
Site 1 
~2.0m depth 
2.8m width 
3
rd
  9.0m,  25m 1.0m high solid parapets and 
side parapet, a full height 
side wall, reflective ceiling 
4
th
  12.0m,  35m 
5
th
  15.0m 60m 
Site 2, 
1.6m depth 
3.0m width 
5
th
  3.6m,  37m 1.0m high solid parapet, 
railings on side, reflective 
ceiling, no ceiling on 11
th
 
floor 
9
th
  18.0m 37m 
11
th
  25.2m 37m 
     
The predicted results were presented in terms of the insertion loss, which 
is the difference between the predicted level with and without the 
balcony. The measured insertion loss is the difference between the level 
at the reference position and the measured level within the balcony.  
In comparing the predicted and measured results, the insertion loss 
predictions are generally 0.5 to 3.0 dB(A) over the measured at the higher 
levels of the balcony (1.5m and 2.0m above the floor). At heights just 
above the floor, the predicted and measured insertion loss difference is 
around 6.0 to 7.0 dB(A). It was concluded that these d ifferences were due 
to multiple reflections in the lower part of the balcony and side 
diffraction. 
Other conclusions of the study were as follows: 
 Balconies of high floors give better insertion losses at all points 
than balconies at lower floors.  
 The balcony façade receives better protection than the centre of 
the balcony. 
 When there is no balcony ceiling, the proposed method predicted 
levels that correlate reasonably well with the measured levels.  
 Solid side parapets can be effective if not at 90 degrees to the 
road. The presence of solid side parapets can degrade the 
insertion loss of a balcony by increasing the reflecting areas.  
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The results of the measured attenuations for each site have been visually 
extracted from Figure 8 and Figure 9 from Li et al. (2003). The results 
are presented here in tabular format in Table 2.4 and Table 2.5. 
Table 2.4: Measured insertion loss at the centre of the balcony, 
measured data visually extracted from Figure 8 and 9 from Li et al. 
(2003) 
Site 
Floor 
Level 
Height above floor, m 
Mean 
0.5 1.0 1.5 2.0 
1 3 4.5 dB(A) 3.0 dB(A) 0.0 dB(A) -0.5 dB(A) 1.8 dB(A) 
1 4 5.0 dB(A) 3.5 dB(A) 1.0 dB(A) 0.0 dB(A) 2.4 dB(A) 
1 5 6.0 dB(A) 5.0 dB(A) 1.0 dB(A) -0.5 dB(A) 2.9 dB(A) 
Mean Site 1  5.2 dB(A) 3.8 dB(A) 0.7 dB(A) -0.3 dB(A) 2.3 dB(A) 
2 5 2.0 dB(A) 1.5 dB(A) -1.0 dB(A) -1.0 dB(A) 0.4 dB(A) 
2 9 3.0 dB(A) 3.0 dB(A) 0.0 dB(A) -1.0 dB(A) 1.3 dB(A) 
2 11 6.5 dB(A) 6.0 dB(A) 1.5 dB(A) 0.0 dB(A) 3.5 dB(A) 
Mean Site 2  3.8 dB(A) 3.5 dB(A) 0.2 dB(A) -0.7 dB(A) 1.7 dB(A) 
Mean  
(Site 1 and 2) 
 4.5 dB(A) 3.7 dB(A) 0.4 dB(A) -0.5 dB(A) 2.0 dB(A) 
       
Table 2.5: Measured insertion loss at the façade of a balcony, 
measured data visually extracted from Figure 8 and 9 from Li et al. 
(2003) 
Site 
Floor 
Level 
Height above floor, m 
Mean 
0.5 1.0 1.5 2.0 
1 3 6.5 dB(A) 5.0 dB(A) 3.8 dB(A) 2.0 dB(A) 4.3 dB(A) 
1 4 7.5 dB(A) 5.5 dB(A) 5.8 dB(A) 5.0 dB(A) 5.9 dB(A) 
1 5 8.0 dB(A) 7.0 dB(A) 5.0 dB(A) 4.0 dB(A) 6.0 dB(A) 
Mean Site 1  7.3 dB(A) 5.8 dB(A) 4.8 dB(A) 3.7 dB(A) 5.4 dB(A) 
2 5 3.5 dB(A) 3.0 dB(A) 2.0 dB(A) 1.0 dB(A) 2.4 dB(A) 
2 9 7.0 dB(A) 6.5 dB(A) 5.5 dB(A) 2.0 dB(A) 5.3 dB(A) 
2 11 9.5 dB(A) 8.8 dB(A) 6.3 dB(A) 5.0 dB(A) 7.4 dB(A) 
Mean Site 2  6.7 dB(A) 6.1 dB(A) 4.6 dB(A) 2.7 dB(A) 5.0 dB(A) 
Mean  
(Site 1 and 2) 
 7.0 dB(A) 6.0 dB(A) 4.7 dB(A) 3.2 dB(A) 5.2 dB(A) 
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Table 2.4 and Table 2.5 show that on average, the insertion loss decreases 
by around 3 dB(A) per metre, which is a similar result to that measured 
by May (1979). The overall mean measured insertion loss is 5.2 dB(A) at 
the façade and only 2.0 dB(A) at the centre of the balcony.  
Lee et al. (2007) conducted a study which involved scale modelling 
(described in Section 2.1.2), full scale measurement and theoretical 
modelling using commercially available software (described in Section 
2.1.3). With the full scale modelling, the first part of their st udy 
measured the noise level on balconies facing a 6 lane road at flo ors 1 to 5 
inclusive, 7, 9, 11, 13, and 15.  Similar to the results of May (1979) where 
road traffic noise levels increase with increasing floor height up to 
around the 10
th
 floor level, after which the sound pressure level becomes 
constant with increasing floor levels.  
The second part of the study located a loudspeaker in th e centre of a large 
court separating four residential high rise buildings.  The balconies facing 
the court were shielded from a 6 lane road.  The sound pressure level up 
the facade was measured, where it was found that there is a significant 
level of reverberant energy in the court.  
The third part investigated the T20 reverberation time within the balcony 
space due to an impulse in the ground level court.  A T20 of 3 seconds was 
recorded. The highest amplitudes came from the direct sound and initial 
reflections, however some flutter reflections were observed due to 
reflections from adjacent buildings.  
The fourth part investigated six different balcony acoustic treatments on a 
base configuration. The dimensions of the base configuration balcony 
were 1.2m depth, 4.5m length and 3.0m height.  The balcony treatments 
and the results obtained are described in Table 2.6. 
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Table 2.6: Full scale measurement result summary from Lee et al. 
(2007) 
Treatment 
Number 
Treatment Description Results of the Treatment 
1 0.5m or 1.0m lintel. 
Increased level due to increased ceiling 
reflection area. 
2 0.5m or 1.0m parapet. 
Reductions ranged between -1.0 dB to 
5.7 dB. 
3 
15 inclined ceiling, (selected 
based on the results of May 
(1979)). 
Amplification up to floor 6, from floors 
7 to 15 range of attenuation was 2.1 to 
8.8 dB with mean values of 5.4 dB. 
4 
Absorptive 15°
 
inclined 
ceiling. 
Attenuation at all floors except 2
nd
.  
Average reduction for all floors is 5.9 
dB. 
5 
0.5m or 1.0m parapet with an 
absorptive 15 inclined ceiling. 
Attenuation at all floors. Average 
reduction for all floors is 10.0 dB. 
Attenuation is generally between 10.0 
dB and 15.0 dB at 1 kHz and generally 
between 5.0 dB and 10 dB at 500 Hz for 
all floor levels. 
6 
0.5m or 1.0m parapet with 
absorption on the internal face 
and an absorptive 15 inclined 
ceiling. 
Attenuation at all floors except. Average 
reduction for all floors is 11.5 dB. 
Attenuation is generally between 10.0 
dB and 15.0 dB at 1 kHz and generally 
between 5.0 dB and 10 dB at 500 Hz for 
all floor levels. 
   
 
2.1.2 Scale Modelling of Residential Balconies 
Mohsen et al. (1977) appears to have pioneered work in using scale 
models of residential balconies subjected to road traffic noise.  Their 
study focussed on the effect the balcony may have on the required sound 
isolation ratings of the building envelope for the room behind the 
balcony. The work reviewed the potential for “self-protecting” buildings 
in high road traffic noise environments.  The purpose of the study was to 
determine the reduction of sound pressure level inside a room adjacent to 
a balcony and to determine the effect of the balcony of noise statistics 
such as L10 and L90. It also involved the generation of a computer model 
to predict the change in intensity over the aperture, not spatially over the 
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balcony. The assumptions in the computer model were: 
 Source: The source is near the ground and the ground is perfectly 
reflecting; 
 Source: The source modelled was broad band and consequently 
there were no interference effects due to the ground reflection ; 
 Receiver: The balcony acts as a barrier to the direct field;  
 Receiver: The change in noise level inside the adjacent room is 
not simply the difference in acoustic intensity over the open 
window area (as the window itself diffracts noise); and  
 Receiver: It recognises that the reflections of the sidewalls and 
soffit will degrade the barrier effect of the balcony.  
Measurements were conducted using a 1:10 scale model and tests 
performed in an anechoic chamber, 7m × 10m. The sound source 
consisted of an omnidirectional air jet (compressed air).  The 
measurements made with a ½ inch microphone located inside the room of 
the scale model. The room reverberation time was adjusted to a measured 
0.05 seconds to match a full scale reverberation time of 0.5 seconds. The 
height of the microphone was 0.1m to reflect 1.0m which represented a 
seated person. 
Overall, 270 geometrical configurations were measured which were made 
up from various arrangements with four balcony configurations, three 
windows configurations, five source positions, three building orientati ons 
and five different measurement positions within the room.  
The results of the computer model and the scale model were compared.  
The calculated average attenuation at the building facade was correlated 
with the spatial average of measured attenuation ins ide the room. A linear 
relationship was derived between calculated attenuation at a building 
facade ( ) and measured attenuation within an adjacent room ( ) as 
shown in Eq. 2 (from Equation 5 in Mohsen et al. (1977)). 
                       (2) 
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The range of measured and calculated attenuations for the 270 measured 
configurations are summarised in Table 2.7. 
Table 2.7: Summary of results from Mohsen et al. (1977) 
Data Location Results 
Calculated Attenuation at Facade  0 to 14 dB(A) 
Measured Attenuation within Room  -0.5 to 11 dB(A) 
Observations 
No amplification of noise was predicted at the 
facade. 
Some amplification was measured within the 
room for some configurations 
  
It was concluded by Mohsen et al. that prediction to the open aperture can 
be correlated to an internal noise level reduction, relatively regardless o f 
the geometry configuration. The attenuation measured in the room was 
generally less than the predicted attenuation at the facade.  
The work proceeded to test the effect of a balcony on the variability of 
road traffic noise within a room. The technique generated a cumulative 
noise level distribution and compared the predicted distribution with a 
balcony and the predicted distribution without a balcony.  The predicted 
distribution curve is narrower in the presence of balcony attenuation. It 
was concluded that a balcony reduces the road traffic noise level and also 
the variability in the level.  
The study determined some important conclusions regarding the 
attenuation benefits of balconies, not only for the facade, but also for the 
adjacent room. However the study can only be considered relevant for the 
specific situations tested. The results of the study are limited as: 
 The computer model and balcony configurations tested did not 
include a balcony ceiling (soffit) which is common for most high 
density residential buildings; 
 There was no information regarding the change in frequency at 
the facade and within the room as only overall dB(A) noise levels 
were predicted and measured; and 
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 The study only considered one reverberation time for the  adjacent 
room. 
Oldham et al. (1979a) developed a 1:10 scale model to conduct 
measurements inside the room adjacent to the balcony.  Two balcony 
configurations were investigated (i) open and (ii) closed with either 1.0m 
or 2.0m projection from the facade. Three different floor heights were 
modelled 4.0m, 10.2m and 13.3m.  The distance of the road to the façade 
was 7.5m or 12.5m with three façade orientations, 0, 30 and 60. The 
road was modelled as 5 point sources.  
The results were grouped into the floor  height and the distance from the 
road. The results suggested:  
 With increasing height, the rate of increasing calculated external 
attenuation increased faster than the rate of measured internal 
attenuation, and 
 With increasing distance, the rate of measured internal attenuation 
increased faster than the rate of calculated external attenuation.  
It was observed that the gradient of a linear regression line appeared to 
be predictable by the ratio of the distance from the road to the height 
above the road. Thus, a relationship was developed to predict the gradient 
and consequently predict the level of attenuation received in the room 
with an error of ± 1.5 dB(A). This is shown in Eq. 3 which includes 
prediction of internal attenuation,     , as a linear function of height, 
distance and calculated external attenuation,      (from a combination of 
Equations 15 and 16 in Oldham et al. (1979a)). 
                
      
        
                              (3) 
 
Hammad et al. (1983) used a 1:10 scale model to measure the protection 
provided by four different balcony types, as follows:  
 Configuration 1 - Balcony of variable depth with ceiling and full 
height side walls. Ceiling and walls covered in absorption 
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material. 
 Configuration 2 - Balcony of variable depth with ceiling and full 
height side walls and a solid parapet (1.0m high) and ceiling 
shield (0.5m high). 
 Configuration 3 - Balcony of variable depth with ceiling and full 
height side walls and a solid parapet (1.0m high) and a splitter 
screen (several parallel solid triangular shaped sheets 
perpendicular to the façade, 2.0m above solid parapet). 
 Configuration 4 - Balcony of variable depth with ceiling and full 
height side walls and a solid parapet and a Thnadner screen 
(several 2.0m high solid triangular shaped sheets parallel to the 
façade sitting on top of the solid parapet). 
The scale model was able to interchange the four balcony configurations, 
outside of a standard room. Measurements were conducted inside the 
adjacent room, with measured differences before and after providing the 
protection level provided by a particular configuration.  The measured 
attenuations from a balcony with configuration 1 are summarised in Table 
2.8. 
Table 2.8: Summarised results from Hammad et al. (1983) for 
balcony configuration 1, extracted results from Figure 2 in 
Hammad et al. (1983). 
Floor 
Height 
Depth, 
m 
Attenuation characteristics, dB Comments 
1 1 ~ 5 dB, 250 Hz to 4 kHz Attenuation is frequency invariant 
3 1 ~8 dB, 250 Hz to 4 kHz Attenuation is frequency invariant 
5 1 ~10 dB, 250 Hz to 4 kHz Attenuation is frequency invariant 
1 4 ~10 dB, 250 Hz to 4 kHz Attenuation is frequency invariant 
3 4 
~8 dB at 250 Hz, increasing by 
~3 dB per octave up to 4 kHz 
Frequency dependent attenuation 
5 4 
~10 dB at 250 Hz, increasing by 
~3 dB per octave up to 4 kHz 
Frequency dependent attenuation 
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It was concluded that when a receiver is subject to direct sound, the 
attenuation provided by the balcony configuration 1 is frequency 
independent. When the receiver is within the shadow zone of the balcony, 
the attenuation becomes frequency dependent.  The relationship between 
attenuation, balcony depth and floor level was investigated and extracted 
results are summarised in Table 2.9. 
Table 2.9: Overall attenuation with various balcony depths and 
floor level. Results from Figure 4 in Hammad et al. (1983)  
Balcony Depth 1m 2m 3m 4m 
Floor Level     
1 1 dB(A) 4 dB(A) 6 dB(A) 10 dB(A) 
2 2 dB(A) 6 dB(A) 11 dB(A) 15 dB(A) 
3 6 dB(A) 12 dB(A) 15 dB(A) 16 dB(A) 
4 8 dB(A) 10 dB(A) 16 dB(A) 20 dB(A) 
5 5 dB(A) 11 dB(A) 14 dB(A) 18 dB(A) 
     
The effect of ceiling absorption for 2.0m deep and 3.0m deep balconies 
was compared. For a 2.0m deep balcony an appreciable difference in 
attenuation is observed only for 4
th
 and 5
th
 floor levels. For a 3.0m deep 
balcony an appreciable difference is observed only for 3
rd
 to 5
th
 floor 
levels. 
The effect of configuration 2, a solid parapet and small ceiling shield was 
modelled. The extracted results are summarised in Table 2.10. The 
improvement is reasonably constant for a 1m balcony depth, while it is 
variable at a 4m balcony depth. The additional attenuation at lower levels 
is a result of interference with the direct path. The effect of the solid 
parapet diminishes at higher floor levels and deeper balconies, because 
the additional path difference due to the solid parapet also diminishes.  
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Table 2.10: Additional attenuation provided by 1.0m high solid 
parapet and 0.5m high ceiling shield. Results from Figure 7 in 
Hammad et al. (1983). 
Balcony Depth 1m 4m 
Floor Level   
1 5 dB(A) 6 dB(A) 
2 5 dB(A) 8 dB(A) 
3 5.5 dB(A) 2 dB(A) 
4 5 dB(A) 0 dB(A) 
5 3 dB(A) 2 dB(A) 
   
With configurations 3 and 4, the additional attenuation of a splitter screen 
and Thnadner screen is calculated by the difference in measu red levels 
with and without the screen. The results suggested that both types of 
screen provide some additional attenuation compared to a balcony 
without the screens, which is an expected result due to the additional 
shielding provided. The provision of screens increases the shielded area 
of the reflective surfaces within the balcony space.  
Cheng et al. (2000) conducted a study where the focus was on window 
screens near the window to achieve barrier attenuation.  The set up was 
similar to a miniature balcony, protecting the weak element, in this case a 
natural ventilation opening situated above a fixed window.  The study 
involved theoretical prediction, a 1:10 scale model and a 1:1 scale model.  
The reference does not specify the distance from the source to the 
receiver, nor the height of the receiver above the road surface elevation.  
Therefore it is difficult to compare the results with the work of others.  
The 1:10 scale model measured the effect of a reflective surface as the 
top surface of the screen. Measurements were conducted in the plane of 
the natural ventilation opening. There were five source to receiver angl es 
of incidence tested, being 15, 30, 45, 60 and 75 degrees. Two screen 
depths were tested, 625mm and 1200mm.  The measured noise reductions 
are presented in Table 2.11. 
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Table 2.11: Summary of results from Cheng et al.(2000) 
Angle of 
Incidence, 
degrees 
15° 30° 45° 60° 75° 
625mm screen 0.75 dB(A) 2.0 dB(A) 4.0 dB(A) 4.0 dB(A) 4.0 dB(A) 
1200mm screen 3.0 dB(A) 5.0 dB(A) 5.0 dB(A) 5.0 dB(A) 5.0 dB(A) 
      
The results in Table 2.11 suggest that the screen quickly reaches an upper 
limit of noise reduction with increasing angle of incidence. This was 
stated to be due to reflection from another surface above the screen, in 
this case probably the floor of a small balcony or plant ledge for the 
dwelling above the test dwelling.  
The effect of inclining the underside of a reflecting surface above a 
screen was tested in the 1:10 scale model as well as with computer 
simulation. For the incidence angles of 60 and 75 where the flat surface 
reflection strength would be stronger compared to reduced incidence 
angles, additional noise reduction of between 0.0 dB(A) and 3.0 dB(A) 
was predicted through a range of inclinations, 0 to 90. This is expected 
as the introduction of a flat reflecting surface can raise the acoustic 
energy levels at a point receiver by 3.0 dB(A).  It was determined that the 
most efficient reduction for least angle of ceiling inclination was at 30  
inclination. 
The full scale model tested the improvements of noise reduction with an 
absorptive top surface of the screen.  There were seven angles of 
incidence tested, being 5°, 15°, 30°, 45°, 60°, 75° and 90°. It was 
determined that additional attenuation due to the absorption was 3.0 
dB(A) and 6 dB(A) in frequencies 500 Hz, 1000 Hz and 2000 Hz.  
Kropp et al. (2000) conducted a study to develop a three dimensional 
theoretical model for balconies allowing for placement of acoustic 
absorption in strategic areas within the balcony.  A 1:10 scale model was 
constructed to assist in verifying the results of the theoretical model.  The 
main focus of their study was the theoretical model; therefore the details 
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of their study are discussed in Section 2.1.3. 
Hossam el Dien et al. (2005) constructed a 1:10 scale model in order to 
verify the results of a prediction model. The details of their study are 
discussed in Section 2.1.3. 
Tang (2005) developed a scale model to study the acoustic protection 
offered by balconies inside a balcony array.  This was due to the absence 
of research on the effect of the same building façade on the sound 
pressure level on the façade behind a balcony.  The forms of the balconies 
on a building were also anticipated to affect the overall results.  The focus 
of the study was the effect of balconies at the façade, not spatially 
throughout the balcony. The study did not test the effect of absorption in 
the balcony spaces.  
A 1:10 scale model was constructed which consisted of nine equally 
spaced balconies in a 3 × 3 matrix. There were four different balcony 
forms considered: 
 ‘Closed’ – front and both side with solid parapet. 
 ‘Front-bottom’ – front with solid parapet only. 
 ‘Side-bottom’ – sides with solid parapet only. 
 ‘Bottom’ – no solid parapets. 
The acoustic spectra were measured at 25 equally spaced locations in the 
plane of the façade in the middle column balconies only. As with Mohsen 
et al. (1977), Oldham et al. (1979a) and Cheng et al. (2000), the focus 
was on the angles of incidence (i.e. source to receiver etc .). The distance 
to the source was varied between 0.5m and 2.0m (5.0m to 20.0 m in full 
scale). In this study the insertion loss is defined as the drop in sound 
pressure level after the installation of the balconies.  
Based on overall levels, the results of the measurements indicate the 
‘Closed’ balcony configuration provided the largest insertion loss at 
levels equal to or above the top edge of the parapet. The ‘Bottom’ 
balcony configuration provided the least insertion loss.  All the balcony 
configurations demonstrated amplificat ion at heights of more than 2.0m 
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above the balcony floor, when there was a ceiling present above the 
balcony. When there was no ceiling, mostly positive insertion losses were 
observed for all heights above the balcony floor and for all balcony 
configurations. The actual range of insertion losses were -1.0 dB(A) to 
9.0 dB(A) with the ‘Closed’ balcony configuration providing the most 
consistently high insertion loss.  It was observed that the higher 
attenuation for the ‘Closed’ and ‘Front -bottom’ balconies indicates that 
the solid side parapets provide more diffraction attenuation than 
reverberation amplification.  
Various empirical equations were developed, as a function of important 
angles of elevation. An individual equation was developed for each 
balcony configuration, with and without a ceiling.  
Based on the spectral level results the measured insertion loss on a 
spectral basis at a full scale distance of 5.0m indicated:  
 The configuration of the balcony does not significantly affect the 
spectral insertion loss when the distance to the source is small.  
 The insertion loss is broad band for all balconies without a 
ceiling. The broad band insertion loss appears to be around 
6.0 dB. 
 When there is a ceiling above the balcony, and the distance to the 
source is small, amplification is found at most frequencies below 
400 Hz and above 680 Hz. Amplifications are generally between 
2.0 dB and 4.0 dB. 
The measured insertion loss on a spectral basis at a full sca le distance of 
10.0m indicated: 
 Balconies without a ceiling and with a front solid parapet 
experience significantly lower measured broad band attenuation 
(~2.0 dB) than measured broad band attenuation for balconies 
without a solid front wall (~5.0 dB).  
 For balconies with a ceiling, balcony configuration does not 
appear to affect the insertion loss on a frequency basis.  There is 
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an increase in the number of frequencies where attenuation is 
measured, and also an increase in the insertion loss in these 
frequencies compared to the 5.0m source distance.  
 At the 1st floor level, there is a significant increase in the 
attenuation in frequencies centred around 1000 Hz. 
Similar results were found for full scale distances of 20.0m as found with 
the 10.0m distance.  With increasing source to receiver distance, the 
insertion losses in mid to high frequencies were found to increase.  
Amplifications were still found at frequencies below 500 Hz.  
Tang (2005) stated that the amplifications observed were significantly 
less than that observed in the study conducted by May (1979) and 
therefore it may not be appropriate to use a reference position as a 
measurement method for determining the insertion loss of a balcony.  
Overall this seems to be an appropriate conclusion; however there are 
some differences in the methodologies employed which would appear to 
limit the ability to make this a confirmed conclusion, such as:  
 May (1979) measured centrally within the balcony space.  
According to the result of Li et al. (2003), there are significant 
differences between the measured level between the centre of the 
balcony compared to levels expected on the façade.  
 Tang's results are based on 1 st and 2nd floor level balconies (those 
with ceilings) which are not as elevated as the 17
th
 floor balcony 
which May conducted his measurements on.  As observed with 
results of others (Hothersall, Horoshenkov and Mercy 1996; 
Hossam El Dien and Woloszyn 2004; Lee et al. 2007) , there can 
be significant differences between floor levels.  
 Measuring at a reference position in the scale model was not 
conducted in Tang’s study.  
Lee et al. (2007) aimed to extend the already conducted balcony 
attenuation research to high rise residential building complexes.  Their 
study used a 1:50 scale model to test the attenuation provided by various 
balcony configurations. The treatments considered a solid parapet, screen 
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(similar to Cheng et al. (2000)), absorber and inclined ceiling (similar to 
Hossam El Dien et al. (2004)). 
In the scale model tests, the microphone was placed at the building fa cade 
behind the balcony and 1.5m above the balcony floor.  Noise reduction 
was specified as the difference between the untreated balcony and the 
treated balcony. A computer model was developed to validate the scale 
model results. The commercially available software, RAYNOISE (LMS 
International 2009) software was used as the computer model, which 
utilised 4000 rays up to the 10
th
 order specular reflections. There was 
generally good agreement between the predictions and scale model 
measurements. 
2.1.3 Theoretical models of Residential Balconies 
As discussed in Section 2.1.2, Mohsen et al. (1977) developed a 
theoretical computer model to cross-validate results obtained from scale 
model measurements.  The details of this computer theoretical model are 
presented earlier in Section 2.1.2. 
Oldham et al (1979a) aimed to develop a methodology for predicting the 
benefits of self protecting buildings, the focus of the benefits being the 
internal sound levels of a room adjacent to the self protecting device.  One 
benefit highlighted was improving the opportunity for reducing internal 
noise levels whilst still allowing for natural ventilation.  
A computer model was developed, assuming that additional noise 
reduction within a room due to self protecting devices was a function of 
the reduction of noise impact on the weak element of the face (for 
example a glass window). This is a similar assumption to previous work 
conducted by Mohsen et al. (1977). 
The computer model only considered two source paths, one is the direct 
path and the second is a first order fully specular (no absorption) 
reflection from the ground plane.  The computer model calculated external 
attenuation over the weak element of the façade by predicting both 
unscreened and screened intensities and taking the difference.  
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The variables considered important in this study were:  
 the effective height of the balcony screen (parapet); 
 the window size in the façade (approximately 2.0m2 for the 
study); 
 the shape of the window ("square", "vertical" and "horizontal" for 
the study); and  
 the dimensions of the adjacent room (3.0m × 4.0m × 2.8m for the 
study). 
The next stage of the study further developed the computer model to 
generate cumulative distribution curves of the average intensity over the 
weak element of the facade, due to the variability of road traffic noise.  
The effect of screening was observed to significantly reduce the 
variability of the road traffic noise. The types of screening did not exhibit 
as much difference compared to the difference between the screened and 
unscreened scenarios.  It was also discovered that increasing the length of 
the screen did not change the cumulative distributions significantly, and 
it was thus concluded that the highest levels are from the relatively few 
sources that are perpendicular to the facade (that is; the source with the 
closest distance to the receiver).  Other points of conclusion developed 
were: 
 With increasing height, unscreened levels are lower than at lower 
floor heights.  
 With increasing height above the road, overall variability in noise 
levels decreases, which is due to increasing distance.  
The study continued to look at simple geometrical relationships to 
compare. A poor correlation was found between the L10, LNP (Noise 
Pollution Level) and TNI (Traffic Noise Index) and the path difference 
from the centre of the window to the nearest point on the road.  To 
improve, the geometrical factors of the “elevation angle” and the “aspect 
angle” were investigated.  The elevation angle is the angle with the 
ground from the source to the receiver (centre of the window).  The aspect 
angle is the horizontal angle from the receiver to the edges of the screen.  
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Using these geometrical factors, a variable named the effective path 
difference was developed by trial and error.  The equation for the 
effective path difference,     , is repeated in Eq. 4 where   is the actual 
path difference,   is the elevation angle and   is the aspect angle, and P 
is a power ratio depending on the geometry of the window (from Equation 
17 in Oldham et al., (1979a)). 
             
        (4) 
 
The effective path difference was then used to calculate the attenuation in 
L10, LNP and TNI using different equations.  The developed equation for 
calculating the attenuation in the L10 statistic using the effective path 
difference is repeated in Eq. 5 (from Equation 18 in Oldham et al., 
(1979a)). The resulting standard error for Eq. 5 was found to be ±0.92 
dB(A).  
                                         (5) 
 
On a 6
th
 floor room, protected by a 2.0m deep balcony, Eq. 5 predicts 7.6, 
8.2 and 9.0 dB(A) attenuation for horizontal, square and rectangular 
windows respectively. 
The study developed some important understandings on the influence of 
geometry on the attenuations provided by balconies and screens to  the 
facade and also inside the adjacent room. However, there were some 
elements which limit the applicability of the results to common building 
designs found in the urban environment.  Some of the limitations are as 
follows: 
 The focus of that study has been only on the weak element which 
may be satisfactory in most circumstances, but not necessarily 
satisfactory in very high noise environments where lightweight 
constructions for the roof and walls are proposed.   
 The model did not consider reflections from opposite facades, nor 
the soffit of a balcony. 
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 The study has only considered one RT60 in the model room.  
 Eq. 5 was developed for a stationary point source, not a line 
source which is typical of road traffic noise.  
Hothersall et al. (1996) developed a 2 dimensional boundary element 
model to predict the noise level at the cross sectional centroid of a series 
of balconies. In this study the balcony depth was 1.0m and the front wall 
of the balcony was 6.5m from the road traffic noise source.  Four 
balconies were modelled. Balcony receivers and reference receivers were 
located at 4.5m, 7.5m, 10.5m and 13.5m above the road surface.  
Reference receivers were 1.0m away from the front wall of the balcony.  
The boundary element model was based on an infinite coherent line 
source. The model was capable of calculating interference and standing 
wave effects. Results were calculated for 1/9 octaves between 58 Hz and 
3415 Hz. The results were presented as a level difference which is the 
sound pressure level with the road and building present less the sound 
pressure level as a free field level.  The insertion loss of a particular 
absorption treatment was then calculated as the difference between the 
predicted level with the treatment less the predicted level at the same 
receiver location with completely rigid walls.  
Various absorption treatment cases were modelled, as follows:  
 Case (a) = Absorption to the underside of the ceiling. 
 Case (b) = Absorption to the rear of the solid parapet. 
 Case (c) = Absorption to the front face of the solid parapet. 
 Case (d) = Absorption to the façade of the adjacent room.  
 Case (e) = Absorption as per (a) and (b).  
 Case (f) = Absorption as per (a), (b) and (c).  
 Case (g) = Absorption as per (a) and (d).  
 Case (h) = Absorption as per (a), (b) and (d).  
Some of the key results can be summarised as follows:  
 The mean change in level due to the insertion of the rigid surfaces 
of road surface, building and balcony compared to pure free field 
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levels is near to 6.0 dB(A) for both reference receivers  and 
balcony receivers.  This is an expected result due to the 
introduction of essentially two reflecting planes with a receiver 
near to the junction of the reflecting planes. 
 For reference receivers (1.0m from the parapet), the addition of 
absorption treatments Case (a), Case (b), Case (c) and Case (d) 
generally reduces noise by between 0 to 3 dB(A), however there 
is no specific trend with increasing floor levels. The mean 
reduction across treatments Case (a), Case (b), Case (c) and Case 
(d) and all reference positions outside balconies is close to 
1.0 dB(A). 
 The mean reduction across treatments Case (e), Case (f), Case (g) 
and Case (h) and all reference positions outside balconies is close 
to 1.7 dB(A). 
 For balcony receivers, the addition of absorption treatment to the 
ceiling only Case (a), provides a mean insertion loss of 6.3 
dB(A). The mean insertion loss for balconies at 4.5m and 7.5m 
above the road surface (floors 1 and 2) is 5.0 dB(A).  
 For balcony receivers, the addition of absorption treatment to all 
internal balcony surfaces (except the floor), provides a mean 
insertion loss of 7.5 dB(A) (approximately 5.5 dB(A) at floors 1 
and 2 and 9.5 dB(A) at floors 3 and 4). 
 The highest insertion loss measured was 10 dB(A) for absorption 
treatment Case (f). 
 The introduction of absorption treatment reduces the level of 
peaks in mid to high frequencies (> 500 Hz).  
 With regard to absorption treatments, there is a law of 
diminishing returns as there is only 2.7 dB(A) extra attenuation 
from Case (f) to Case (a) which is full absorption to only ceiling 
absorption. 
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Hothersall et al. (1996) claimed that the benefits of parapet shielding is 
largely cancelled by strong reflections from the ceiling and rear wall.  
Their study has only located the balcony receiver positions at 1.5m above 
the balcony floor which is elevated above the top of the parapet. Their 
study did not investigate the case of balconies without solid parapets, so 
their results do not appear useful for determining the ef fect of the solid 
parapet. However the result clearly indicates the benefits of absorption 
treatment when the balcony has a solid parapet. 
An important result of this work was the influence of the absorptive 
treatments on the predicted sound pressure level  at the reference position 
1.0m away from the solid parapet. These results indicate the difficulties 
that would be encountered in measuring compliance of certain treatments 
if a particular standard was to be applied.  It also indicates the difficulty 
that would be encountered in attempting to predict the road traffic noise 
level at a reference position using standard road traffic noise prediction 
techniques. 
Kropp et al. (2000) conducted a study to develop a three dimensional 
theoretical model for balconies allowing for placement of acoustic 
absorption in strategic areas within a balcony. A 1:10 scale model was 
constructed to assist in verifying the results of the theoretical model.  
The dimensions of the balcony modelled in scale were 2.7m high, 2.7m 
long and the depth was 1.35m. A 0.15m thick absorption material was 
placed on the ceiling of the balcony.  The source was 30m from the front 
of the balcony and 25m below the balcony floor.  
Impulse measurements were conducted with microphones placed at the 
balcony opening and then with the balcony in place.  Below 200 Hz, the 
results of the theoretical and scale models agree quite well.  Above 200 
Hz, the calculated insertion loss was greater than the measured insertion 
loss across all frequencies by approximately 3.0 dB(A).  Below 100 Hz, 
the insertion loss was negative; hence the balcony amplified sound energy 
within the balcony space.  
The balcony was provided with a 1.0m high solid parapet. Correlation 
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between the theoretical and scale model agreed better than without the 
solid parapet. The provision of the solid parapet introduced more 
resonances and also increased the amplification of ene rgy below 50 Hz 
compared to the previous case.  Correlation between the theoretical and 
scale model agreed better without the solid parapet.  
The theoretical model was extended to include an adjacent room, which 
was either at 4.0m or 25.0m above the ground.  Two balconies were 
modelled, one without absorption, and one with absorption on the ceiling 
and balcony back wall.  With balcony absorption, the overall insertion 
loss was found to be 6.0 dB(A) for a balcony at 4.0m above ground and 
11.0 dB(A) at 25.0m above ground. The balcony without was found to 
provide no attenuation. Like previous results, amplification of energy was 
predicted at 50 Hz and below for both the balcony with and without 
absorption. These results again show that the ceiling absorption has 
greater effect when the balcony is elevated high against the source 
position and less effective when the source and balcony are on similar 
elevations. 
A European Standard (EN12354-3 2000) defines a calculation model for 
the prediction of internal noise.  One variable included is the "Façade 
shape level difference     ", which is defined as in Eq. 6 (from Equation 
9 in EN12354-3 (2000)) such that      is 0 dB for a plane façade.  
                          (6) 
Where, 
       is the average sound pressure level at the position of th e 
façade plane, without the façade being present, in decibels;  
      is the average sound pressure level on the outside surface of 
the actual façade plane, in decibels.  
The correction term      is added to the determination of the standardised 
level difference, D2m,nT, which can be consequently used to predict the 
level inside a room adjacent to the façade.  Therefore      is used to 
increase the apparent sound reduction index.  This standard does not 
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attempt to provide indication on the spatial levels within a balcony space.  
Figure C.2 in EN12354-3 (2000) provides some guidance on suitable 
values of     . 
Table 2.12: Values of ΔLfs extracted from Figure C.2 in EN12354-
3 (2000) 
Ceiling 
Absorption 
≤0.3 0.6 ≥0.9 
Line of Sight, m 
<
1
.5
 
1
.5
 -
 2
.5
 
>
2
.5
 
<
1
.5
 
1
.5
 -
 2
.5
 
>
2
.5
 
<
1
.5
 
1
.5
 -
 2
.5
 
>
2
.5
 
Plane Façade 0 0 0 0 0 0 0 0 0 
Lintel/Screen -1 N/A N/A -1 N/A N/A -1 N/A N/A 
Balcony – 
Shallow 
-1 -1 1 -1 0 1 0 2 2 
Balcony - 
Shallow (with 
solid parapet) 
0 0 2 0 1 2 1 3 3 
Balcony – Deep -1 -1 1 -1 1 2 0 3 3 
Balcony - Deep 
(with solid 
parapet) 
0 0 2 0 2 3 1 4 4 
          
 
Hossam El Dien et al (2004) aimed to determine the effect of an inclined 
balcony ceiling on noise at the façade.  This is similar to the partial work 
conducted by Cheng et al (2000). The study utilised a pyramid ray tracing 
model which takes account of transmission, diffraction, edge  scattering 
and surface diffusion. There were measurements conducted in this study 
to confirm the results of the predictions.  
The variables assumed in this study are as follows:  
 Balcony widths of 1, 2, and 3m, 
 Balcony ceiling angles of 5°, 10° and 15° degrees,  
 Infinite sound source at 8m from the facade,  
 Balcony solid parapet height of 1.0m, balcony length of 5.0m,  
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 The receiver building has 17 floors  and  
 Surfaces are initially specular.  
The protection level provided by the inclined balcony ceiling is 
determined by the difference in predicted level between a flat ceiling (0 
degrees inclination) and the inclined ceiling.  
The effect of inclined ceiling is not noticeable at floor levels below the 
fourth floor which is due to the direct component. With 2.0m and 3.0m 
balcony depths, the inclined ceilings provide amplification of the acoustic 
level. Above the 4
th
 and 5
th
 floors, positive protection values were 
predicted, on average around 1 dB(A), but peaks up to 6 dB(A) were 
predicted. With increasing height above the floor of the balcony, the 
protection level decreased in all scenarios from around 3.0 dB(A) at 0.3m 
above the floor to 0.0 dB(A) at 2.2m above the floor.  The 5 inclined 
ceiling was predicted to provide higher protection levels than the 10  and 
15 inclined ceilings. 
Empirical relationships were developed for each balcony depth scenario  
to predict the protection level,    . An overall empirical relationship was 
developed for floors from the 10
th
 to the 15
th  
where   is the balcony 
depth,    is the floor number (   = 10),   is the height above the balcony 
floor and   is the ceiling inclined angle as shown in Eq. 7 (from Hossam 
El Dien (2004)). This equation is only valid for limited cases, based on 
the geometric assumptions included in the study.  
     
                                            
      
    
           (7) 
 
Hossam El Dien (2005) expanded on their earlier work (Hossam El Dien 
and Woloszyn 2004) by investigating the effect of various balcony depths 
and two inclined parapets. Predictions were carried out using a pyramid 
ray tracing technique which takes account of transmission, diffraction, 
edge scattering and surface diffusion. The sound pressure level was 
calculated over 3000 points on the back wall of the balcony.  A 1:10 scale 
model was constructed (2.5m height, 1.6m length) in order to verify  the 
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results of the prediction model.  Measurements were conducted in the 
plane of the back wall at 18 positions.  The balcony configurations 
investigated were as follows:  
 Balcony widths of 1, 2, and 3m, 
 Balcony inclined parapet angles of 15° and 30° degrees,  
 Infinite sound source at 8m from the facade,  
 Balcony solid parapet height of 1.0m, balcony length of 5.0m and  
 The receiver building has 8 floors.  
The effect of balcony depth was investigated. The results for a 1.0m 
balcony depth indicated that the predicted protection levels were always 
greater than the measured. This is a similar finding to Li et al. (2003) 
although the prediction methods of the two studies were significantly 
different. The difference between measured and predicted narrows with 
increasing floor level for this study by Hossam El Dien et al (2005), for 
example, at the 4
th
 floor average differences were around 4 .0 dB(A) while 
around 1.0 dB(A) at the 8
th
 floor. The protection values of a 1.0m deep 
balcony decrease with increasing height above the balcony floor.  The 
range of measured protection levels is 4.0 dB(A) to 7.0 dB(A).  
The results of the 2.0m balcony depth suggested that the increase in 
reflected surfaces would slightly reduce the protection level compared to 
a 1.0m balcony depth. However overall, similar measured ranges of 
protection level were recorded, 4.0 dB(A) to 6.0 dB(A).  Similar results 
were presented for the 3.0m balcony depth. 
An empirical relationship was developed for the centre of the back wall 
for 1.0, 2.0 and 3.0m balcony depths. The protection level,      , at the 
centre of the back wall where   is the floor level and   is the height of 
receiver above balcony floor is shown in Eq. 8 (from Hossam El Dien 
(2005)). This equation is only valid for floors 2 to 8 and for the assumed 
geometrical configurations tested.  
                                              (8) 
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The effect of inclining the parapet was investigated. Inclining the parapet 
30 provides on average a measured additional reduction of 0.5 to 2.0 
dB(A) for a 1.0m balcony depth, 2.0 to 3.0 dB(A) for 2.0m depth and 2.0 
to 3.0 for a 3.0m depth. The protection level generally increases with 
height above floor and this is due to increasing the height of the shadow 
zone on the back wall of the balcony.  
It was stated in the results that the reduction obtained from inclined 
parapets is approximately equivalent to absorption treatments determined 
by previous studies (May 1979; Hammad and Gibbs 1983; Hothersall, 
Horoshenkov and Mercy 1996) 
2.1.4 Summary of the key literature 
It is clear from the research, that significant acoustic benefits can be 
achieved through the use of acoustic treatments on balconies, both 
spatially on the balcony and internally.  However this research is 
necessary to advance knowledge and consolidate and focus this topic into 
pragmatic design guides and training for use by acoustic professionals.  
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2.2 ACOUSTICS OF URBAN STREETS WITH ROAD TRAFFIC 
NOISE 
This section introduces the theoretical fundamentals of road traffic noise 
within urban streets and summarises relevant literature in thi s field of 
research. It starts with a road traffic noise overview, followed by 
discussions on the forms of acoustic energy propagation in urban streets 
(direct, specular reflection and diffuse reflection). This research utilises a 
combined direct path, specular reflection path using the image source 
method and diffuse reflection path using the radiosity technique, each 
component being described in detail  in Chapter 4. 
2.2.1 Road Traffic Noise Prediction Methods 
Road traffic noise, like other noise sources, can be  divided into three 
separate domains. These are the source, the propagation path and the 
receiver. All three domains need to exist in order for road traffic noise to 
be identified as an issue. In terms of control, the relative importance of 
each domain depends on the site circumstances.  For example, in rural 
environments the source characteristics will be different than in urban 
environments such as the proportion of heavy vehicles or two wheeler 
vehicles. The location of the receivers can be quite differen t, one having 
flexibility in being located further from the source, another being 
constrained to locations adjacent to or overlooking the source.  The 
propagation path in rural environments could be considered not as 
complex compared to the urban built environmental influences on the 
acoustics of high density buildings.  
Road traffic noise is generated by a combination of sources, mainly the 
engine, cooling fans, compressors, exhaust, aerodynamic noise and the 
tyre/road interface. At high speeds the tyre/road interface dominates in 
terms of the overall A-weighted sound pressure level, whereas at low 
speeds noise from the engine dominates at a receiver (Long 2006). Power 
train noise typically contains most of its energy in the low to mid 
frequency range (<500 Hz), where as tyre/road interface and aerodynamic 
noise typically contains most of its energy above 500 Hz.  
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Road traffic noise can be considered as an incoherent line source 
(Radwan and Oldham 1987). The acoustic energy from road traffic is a 
combination of different vehicles with different acoustic characteristics.  
Also the sound pressure level at the receiver will be made up of m any 
acoustic paths and the time average of phase from a single source will be 
negligible, therefore it can be appropriately assumed that a calculation 
model can be developed without considering the phase for the source, 
which will not degrade the overall accuracy of predictions.  
There are many different methods to calculate road traffic noise across 
different countries and similarly many different standards and criteria. 
The source of road traffic noise is also considered differently in different 
calculation methods. The following section describes three common 
calculation methods and how each method deals with the source.  The 
methods detailed below are:  
 Calculation of Road Traffic Noise (CoRTN) 
 Traffic Noise Model (TNM) 
 Nordic 2000 Road Traffic Noise Predic tion Method 
2.2.1.1 Calculation of Road Traffic Noise (CoRTN) 
One of the most common road traffic noise calculation methodologies is 
the Calculation of Road Traffic Noise (Department of Transport Welsh 
Office 1988). In this methodology, road traffic sources are consider ed as 
a line source located 3.5m away from the nearside carriageway edge line 
and 0.5m above the pavement surface.  The source height in this method 
does not distinguish source heights for different vehicles (for example, 
cars versus trucks), nor does it distinguish between the sub-source 
components of a vehicle (for example, tyre/road noise, engine noise or 
exhaust noise). This method does not directly establish the source sound 
power level; rather it calculates the sound pressure level at a short 
distance from the road and then allocates corrections to predict at 
receivers in different locations.  
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2.2.1.2 Traffic Noise Model (TNM) 
More recently developed road traffic noise calculation methods such as 
the Traffic Noise Model (TNM) methods developed by the United States 
Federal Highways (United States Department of Transportation 1998)  do 
distinguish between source heights for different vehicle sub -sources and 
vehicle categories. The TNM method allocates three source heights:  
 0.0m (pavement surface level) for tyre/road noise.  
 1.5m (engine level) for engine noise and exhaust from small 
vehicles. 
 3.5m (exhaust) for exhaust noise from heavy trucks.  
Like CoRTN, the TNM model does not directly establish knowledge of a 
sound power level for individual vehicles; rather it uses vehicle pass-by 
information at 15m and then allocates corrections to other prediction 
locations. 
2.2.1.3 Nordic 2000 Road Traffic Noise Prediction 
The Nordic 2000 Road Traffic Noise Prediction (Jonasson and Storeheier 
2001) method is similar to the TNM method in establishing three 
different source heights to represent the different major source 
components of vehicles. This method is significantly different than the 
other methods described above in that  it establishes detailed knowledge 
of a vehicle type sound power level.  The method uses point sources along 
the length of a road and with the sound power level estimation, calculate s 
road traffic noise levels at a receiver from a stand -alone propagation 
methodology (that is, this method separates the source and propagation 
modules). 
The Nord 2000 method is the most flexible of the methods described 
above due to its ability to use the sound power level vehicles, and it 
forms the basis of the latest methods developed by the European Union 
through the Harmonoise method development project (European Union 
2008a, 2008b) 
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2.2.2 Dynamics of Road Traffic Noise 
Road traffic noise dynamics can be considered from both a micro 
perspective and a macro perspective.  Macro and micro dynamics are 
described as follows: 
 Micro dynamics (seconds to minutes) - Sources are individual 
vehicles (peaks) or the immediate absence of a nearby vehicle 
(lulls) and  
 Macro dynamics (hours to days) - The generation of macro 
dynamic road traffic noise is the combination of many vehicles. 
Macro dynamics is the combination of the micro dynamics 
occurring in the period.  
Micro dynamic sources are a combination of:  
 Vehicle sources such as propulsion components (engine, exhaust, 
etc.); 
 Tyre/road interface sources which are a function of the tyre 
design (studded tyres/smooth tyres) and pavement surface type 
(concrete/asphalt/bituminous seal/gravel) and 
 Aerodynamic noises produced by turbulence in air due to the 
velocity of the vehicle.  
The study of micro dynamic road traffic noise is not new. However as 
most road traffic authorities and environmental authorities have 
traditionally focused on criteria and guidelines based on the macro  
dynamic road traffic noise, mainstream knowledge of micro  dynamic road 
traffic noise is deficient.  Certainly, the prediction methods discussed in 
earlier sections only consider macro road traffic noise emissions.  
One of the major differences noted between macro and micro dynamic 
road traffic noise is whether the traffic flow is free flowing or 
interrupted. Several studies have focused on developing prediction 
techniques and knowledge on interrupted traffic flow (Radwan and 
Oldham 1987; De Coensel 2005). Other studies such as Alberola et al. 
(2005) have analysed large quantities of measured micro dynamic road 
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traffic noise data to improve knowledge in  this area. In recent years, the 
term “urban soundscape” which focuses on both the positive and negative 
aspects of an environments’ noise has developed with an ever increasing 
pool of literature being developed (Botteldooren, De Coensel and De 
Muer 2006; Kang 2007). The concept of an ‘urban soundscape’ is 
partially related to the concept of a ‘self protecting building’ introduced 
by Mohsen et al. (1977) in that a residential building needs to take 
advantage of both the positive and negative benefits of its location.  A 
residential building needs to balance its proximity with transport and 
places of interest (work, recreation and shopping) with the noise 
generated by the community.  Continual and moderate improvements to a 
residential building, and where possible through the design of its 
balconies will improve the connection dwellers have with their external 
‘urban soundscapes’.  
This research mainly focuses on micro dynamic road traffic noise, namel y 
the pass-by of an individual vehicle with a specified sound power level.  
2.2.3 Street canyons 
Street canyons are created when both sides of a street are constructed 
with moderately high urban buildings, roughly three stories and higher.  A 
normal residential street with widely separated two storey dwellings is 
generally not considered a street canyon.  
A street canyon can be considered as similar to a long rectangular 
corridor with a fully absorptive ceiling.  The propagation of road traffic 
noise will be influenced by: 
 The acoustic impedance of the surfaces in the street.  
 The scattering properties of the surfaces in the street.  
 Air absorption can be significant due to the potential for large 
propagating distances. 
 Attenuation from screening objects and barriers that significantly 
attenuate noise levels. 
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2.2.4 Reverberation Time and Impulse Responses 
The reverberation time is a measurement of the diffusivity of a room or 
space and can be measured or predicted.  Sabine (1900) defined the 
reverberation time as the time required for a sound to diminish from its 
initial intensity to one-millionth of that intensity.  One-millionth of the 
original intensity is a 60 dB reduction and is often denoted as  RT60 or 
T60. Reverberation time is often measured with the use of an impulse 
sound which excites the room volume.  In analysing the decay rate 
through a sound pressure level versus time plot it is possible to obtain the 
time required for a 60 dB reduction in sound pressure level.  Sabine 
developed a calculation method for predicting the reverberation time in a 
space, however it has certain limitations particularly for highly 
absorptive spaces (Bies and Hansen 1997). As an urban street is not an 
irregularly shaped room and it has opposing surfaces with wide ranging 
acoustic impedances, the Sabine method has been criticised as not being 
appropriate for prediction of reverberation times in situations similar to 
urban street acoustics (Kang 1996b). Other prediction methods such as 
the Norris-Eyring equation and the Millington-Sette equation are more 
appropriately derived (Long 2006).  
However, the method which is currently enjoying popularity in predicting 
reverberation times from complex computer prediction models was 
developed by Schroeder (1965) and is known as the reverse time 
integration method. The benefit of this method is that it can also predict 
the reverberation time over shorter intervals such as the RT 10, RT20 and 
RT30. The RT10 for example is often used as a parameter for assessing 
speech interference. The RT10 is more commonly known as the Early 
Decay Time (EDT). 
2.2.5 Direct, Specular and Diffuse energy paths 
An external receiver located in an urban street is most likely to receive 
sound that is:  
 Directly  propagated without interference;  
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 Specularly reflected sound from the ground or nearby building 
surfaces; and 
 Diffusely reflected sound due to impacts with imperfectly plane 
and irregular surfaces. 
Of these three sources, direct sound is easiest to calculate as only 
distance attenuation and air absorption attenuation are usually considered 
as losses. Specular and scattered/diffuse sound is more complicated, as it 
requires knowledge of the location, orientation and also the acoustic 
properties of the reflecting surfaces. Specular reflection is often termed 
geometric reflection as it follows the principle of angle of reflection 
equalling the angle of incidence. Diffusion is that sound which is not 
absorbed by the impacted surface, yet is not specularly reflected. Diffuse 
sound can reflect off a surface in various directions, and the proportion of 
this energy is characterised by a coefficient l ike the absorption 
coefficient. 
Figure 2.2 shows the possible paths of sound upon reflection at a surface 
with a high acoustic impedance with an absorption coeff icient (), and 
diffusion coefficient (), and the relevant equations for each energy path.  
 
Figure 2.2: Paths of direct, specular and diffuse energy and 
proportions based on boundary diffusion and absorption 
coefficients. 
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𝑅 𝑆 
  𝑢   𝑟𝑦 𝐷 𝑓𝑓𝑢    , 𝜁 
  𝑢   𝑟𝑦  𝑏  𝑟𝑝    , 𝛼 
𝑇𝑟   𝑚     , 𝐸 , 𝛼 =
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2.2.5.1 Diffusion versus scattering coefficients 
There is a difference in the definitions and concepts of scattering and 
diffusion coefficients.  A concise definition of each coefficient is obtained 
from Cox et al. (2004). 
 Scattering Coefficient: is a ratio of sound energy scattered in a 
non-specular manner to the total reflected sound energy.  
 Diffusion Coefficient: is a measure of the uniformity of t he 
reflected sound. 
In comparing the scattering coefficient and the diffusion coefficient, 
scattering is used when the quantity on non-specular energy is necessary, 
and this is quantity necessary for image source and radiosity models.   
Diffusion coefficients are used when the quality of the non-specular 
energy needs quantification but this is not included in the scope of this 
research (Cox 2004). Also, a good diffuser provides a spatial and 
temporal shift in the reflected sound (Kuttruff 2000). This research only 
considers a spatial shift in the reflection direction, again confirming that 
scattering is only to be considered.  
Throughout this thesis, the term diffusion is used, however the principle 
is in fact scattering.  
Kuttruff (Cox and D'Antonio 2004; Cox 2004)  introduced that the 
scattered energy is distributed according to Lambert ’s cosine law and this 
form of spatial distribution in implemented in most current models (Kang 
2007). Cox summarises the features of the Lambert’s cosine law, some 
repeated as follows: 
 Lambert’s cosine law is most correct in the high frequency range, 
where geometric room acoustic models are most accurate.  
 Lambert’s cosine law is appropriate for scattering from a point 
source, again a common feature in geometric acoustics.  
 Lambert’s cosine law is suitable for incoherent models.  
 The theoretical spatial dispersion pattern from a plane surface 
reflector does not resemble that of the real spatial dispersion 
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pattern. This is mostly a problem in the early sound field, but not 
so much of a problem once many averages are taken in the later 
parts of a diffuse sound field.  
For simplicity, this research assumes uniform diffusion, not directional 
according to Lambert’s cosine law.  It can be reasonably expected that any 
loss of accuracy in predictions will not significantly affect the validity of 
a comparative study. Also, there is greater variability between real streets 
and balconies and those that can be modelled in this study to not warrant 
further complexity in the directivity assumption for the diffuse energy. 
An urban street can consist of numerous different types of surfaces that 
exhibit different absorption and diffusion coefficients. Any study on 
urban street acoustics should consider these wide ranging acoustic 
properties prior to implementing assumptions on the scattering patterns of 
all surfaces in the street.  
2.2.6 Air absorption 
Air absorption is the mechanism where sound pressure energy is reduced 
as the sound wave propagates through the atmosphere.  It is expressed as 
an attenuation rate per distance travelled, for example   pa/m. The 
attenuation,   pa/m is an exponential function with distance ( ) and 
initial intensity (𝐼 )  (Eq. 9). 
 𝐼  𝐼  
    (9) 
 
There have been several methods for calculating the amount o f 
attenuation afforded by air absorption in recent decades.  Methods such as 
those in the Concawe method (Manning 1981) which is also partly 
presented in Bies et al. (1997). There have been other numerical and 
computation methods but it is not the intention here to outline all of 
them. 
The common method in use in recent times is provided in ISO9613-1 
(International Standards Organisation 1993) . Air absorption calculated 
with ISO9613-1:1993 takes into account classical losses due to viscosity 
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and thermal effects, molecular absorption for rotational relaxation of 
oxygen and nitrogen molecules, molecular absorption losses for 
vibrational relaxation of O2 molecules and molecular absorption losses 
for vibrational relaxation of N2 molecules as shown in Eq. 10 
(International Standards Organisation 1993) . 
                                                        (10) 
 
This study calculates the rate of air absorption attenuation using the 
ISO9613-1 (International Standards Organisation 1993)  method. 
2.2.7 Barriers 
A barrier is a solid object that creates a “sound shadow” for receiver 
locations located in the acoustic wake of the barrier. Although sound 
travels in waves, common barrier algorithms use ray tracing principles to 
predict the level of attenuation provided by the barrier . The amount of 
attenuation is usually related to the extra distance the sound ray has to 
travel and this is often called the ‘path difference’. With a point source, 
if the barrier is close to the receiver, the resulting diffracted wave acts 
like a cylindrical propagation from top edge of the barrier.  Conversely, 
with a point source and the barrier close to the source, spherical 
propagation arises from the top edge of the barrier.  In the case of a 
residential balcony, any diffracting edges will then tend ac t like 
cylindrical sources near receivers on the balcony.  
When a sound source fluctuates in level  barriers tend to reduce the range 
of the sound levels. This effect was observed in Mohsen et al. (1977) 
when their study inspected the change in cumulative distributions in road 
traffic noise levels between residential balconies, with and without a 
solid parapet. Consequently, barriers generally have the additional 
benefit, not only in reducing sound pressure amplitudes, but also the 
fluctuating sound becomes more continuous in nature which has the 
potential to reduce annoyance in residents.  
There are numerous prediction methods for barrier attenuation.  The 
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method outlined in the CoRTN method (Department of Transport Welsh 
Office 1988) is useful to the extent it shows that significant barrier 
attenuation is provided for small path differences, yet there is a 
diminishing return in attenuation as path difference increases. This 
method is not suitable to this study as it is not frequency based.  
One of the most common barrier attenuation methods was developed by 
Kurze and Andersson (Beranek 1988). The Kurze and Andersson barrier 
attenuation formula is based on: 
 sound incident from a point source (can also be used for a 
coherent line source with additional terms to account for 
increased cylindrical divergence of the diffracted wave).  
 approximate results from optical diffraction theory.  
 a correction for the near field at the edge.  
 an approximate for the transition region between the shadow and 
the bright zone. 
Kurze and Andersson used the theory of fresnel number (N) diffraction 
(Beranek 1988), that is, only that region of an incident wave field that is 
close to the top of a barrier contributes appreciably to the  wave field that 
is diffracted over the barrier.  Their assumptions were that in the bright 
zone (N<0.2) the diffracted wave can be neglected (attenuation is nil) and 
in the shadow zone, attenuation is from 5 dB to an upper limit of 
approximately 24 dB. 
Despite its popularity and effectiveness, the Kurze and Andersson  
equation is more difficult to implement into computer code than the 
barrier attenuation methodology outlined in ISO9613-2 (International 
Standards Organisation 1996). Eq. 11 (from ISO9613-2 (International 
Standards Organisation 1996)) shows the algorithm where 𝐷  is the 
barrier attenuation (dB),    is the ground reflection component (   = 20 
including ground reflection;    = 40 not including ground reflection),     
= 1 for single diffraction,   is the path difference (m),      is the 
correction for meteorological effects  and   is the wavelength (m).  
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 𝐷             
  
 
               (11) 
 
Due to its relative ease of use and its correlation with the Kurze and 
Andersson algorithm, the ISO method is chosen as the barrier attenuation 
method for this research. 
2.2.8 Image Source Models 
Image source models may be used to calculate specular reflection energy 
to a receiver. The mirror image of a point source will be the same 
distance (x) on the opposite side of a plane reflector, as shown in Figure 
2.3.  
 
Figure 2.3: Concept of the image source 
Specular reflections will propagate at the same angle of incidence ( ). 
This is easy to implement in computer programming simply using vector 
geometry techniques.  
2.2.9 Radiosity Technique 
The image source technique is not suitable for the calculation of diffuse 
energy at a receiver.  The number of images required to calculate noise 
levels for long times ensures that computation can become difficult (for 
example, reverberation time predictions need to calculat e energy levels 
over several seconds). Additionally, specular energy tends to be dominant 
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in the early stages of an impulse response; whereas diffuse energy 
becomes increasingly dominant in the later stages of an impulse response.  
As specular energy dissipates early in the response, and the image source 
method of calculation does not adequately calculate the diffuse energy, 
another calculation technique is required.  The radiosity technique has 
become popular in recent years (Hodgson and Nosal 2006; Kang 2007; 
Onaga and Rindel 2007). 
As stated in Lewers (1993), Moore (1984) had suggested that heat 
transfer calculation techniques can be used for acoustic energy exchanges 
between reflecting surfaces in a room. This concept was expanded by 
Lewers (1993). The method is outlined in detail in Kang (2007) and what 
follows here is a basic summary of the details.  
Firstly, take two surfaces in an urban street (for example, a window and a 
door on the other side of the street).  Secondly, an impulse sound is 
produced somewhere in the urban street, and:  
(a) Some of the energy propagates directly to the receiver.  
(b) Some of the energy will be direct ly incident on both 
surfaces. If specular reflection can occur then the receiver 
will receive energy from a specular reflection (a first order 
of specular reflection).  Some energy incident on both 
surfaces will arrive as diffuse energy at the receiver (a first 
order of radiosity).  
(c) Some of the energy directly incident on each surface will 
arrive at the other surface as diffuse energy. A fraction of 
this diffuse energy will then arrive at the receiver also as 
diffuse energy (a second order of radiosity).  
The important component of the radiosity technique is to determine the 
fraction of diffuse energy arriving at a receiver or another surface.  This is 
called the form factor (or view factor, angle factor or configuration factor 
(Holman 1992). This model uses the Nusselt method described in Kang 
(2007), which is the ratio of the area projected from the  receiver plane 
onto the base of a unit hemisphere located on the centroid of the source 
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plane.  
This study uses the radiosity method for calculating the diffuse energy 
levels arriving at a receiver on a balcony. 
2.2.10 Urban street acoustics literature summary 
Numerous authors in recent decades have contributed to knowledge of 
acoustics of urban streets.  One of the early works is that of Lyon (1974) 
who found significant differences between theoretical prediction using 
smooth walled streets and measurements from actual streets.  Lyon 
suggested that diffusion in the physical street was the reason for the 
differences. 
Davies (1978) conducted a theoretical study which considered an 
omnidirectional point source in a street.  The study determined that 
diffuse energy is important when the receiver is close to the source.  The 
total sound field at the receiver is the sum of the direct, specular and 
diffuse energy. 
Steenackers et al. (1978) studied reverberation times in town streets and 
also the pass-by levels of cars in streets of different widths. Their studies 
observed that impulse response decay curves in wide streets are not 
linear; however narrow streets exhibited a more linear decay curve.  This 
effect was also reported in Schroeder (1965). 
Makarewicz et al. (1994) also considered separately the specular 
reflection and diffuse reflection from the facades of buildings by using a 
theoretical model.  The purpose of their study was to determine the level 
of accuracy acceptable if specular and diffuse reflections from a building 
were ignored in environmental road traffic noise calculations.  
Horoshenkov et al. (1999) constructed a 1:20 scale model with various 
acoustic impedance scenarios.  The primary purpose of the study was to 
measure the effect of various absorption schemes on the road traffic noise 
level experienced by pedestrians within a street canyon.  
Kang (2000) specifically reviewed the differences provided by diffuse 
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boundaries and specular boundaries on sound propagation in street 
canyons. A radiosity model was developed for the diffuse component and 
an image-source model developed for the specular component.  This 
comparison study revealed that diffuse boundaries reduce the RT 30 along 
the length of the street canyon compared to specular boundaries.  Some 
similarities were found between diffuse and specular boundaries, for 
example the study showed that concentrating absorption on one side of 
the street canyon increases the attenuation  rate of sound propagation 
along the length of the street . 
Picaut et al. (2001) constructed a 1:50 scale model to study sound 
propagation in urban areas.  Their scale model attempted to simulate the 
scattering characteristics of real building facades.  Their study also 
included full scale measurements and good correlat ions were found with 
the scale model results.  
Kang (2002) developed a combined radiosity and specular reflection 
theoretical model to study the propagation of sound in urban streets.  
Kang used the results of an earlier study from Picaut et al. (1999) to 
validate the theoretical model and good agreement was determined.  The 
particular situation of diffuse versus specular ground was analysed, 
however no significant difference in the sound field was discover ed. 
Improved sound propagation reduction was demonstrated from the model 
if building facades were more absorptive or the building heights were 
reduced. 
Iu et al. (2002) focussed on studying noise in street canyons with a width 
of 10m. Their study developed a numerical model to predict th e 
propagation of sound in narrow street canyons using simple coherent ray 
propagation theory. Outdoor and indoor measurements were conducted to 
validate the theoretical model.  
Le Polles et al. (2004) developed a theoretical model using transport 
theory with the inclusion of partially diffuse building facades.  The study 
developed a complicated theoretical model which could be reduced to a 
matter of solving the diffusion equation by the introduction of Lambert ’s 
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cosine law for diffuse reflection directivity.  Whilst their report 
determined that Lambert’s cosine law derived good results, any diffuse 
energy reflection pattern could be adopted provided that it was uniform 
around the normal of the reflecting surface.  
Picaut et al.  (2005) conducted measurements in a real street canyon with 
specific attention on the measurement of reverberation time and the 
steady state level. Their study determined several interesting conclusions 
which are summarised as follows:  
 The sound field is relatively uniform in the cross -section of the 
street. 
 Reverberation time increases further away from the source and the 
decay rate is smaller at low frequencies. 
 The concept of the back-diffusion effect is observed  
 Attenuation in the street appeared to only be dependent on street 
width and height, not frequency.  
 The height of the source had no effect on the reverberation time.  
Kang (2005) continued study into the effects of diffuse and specular 
reflection with a combined radiosity and specular reflection model t o 
analyse urban squares instead of street canyons.  Results obtained were 
similar to earlier studies conducted in streets (Kang 2002) where in the 
urban square RT60 was reasonably constant and independent of location.  
However the EDT was low when near the source.  
Ismail et al. (2005) developed a simple theoretical model to predict the 
scattering coefficients of relatively smooth building facades. The purpose 
was to improve understanding of the importance of scattering in urban 
streets. The results of the theoretical model were validated with scale 
modelling. It was confirmed that even with small scattering coefficients, 
the dominance of scattered energy arises in the late part of an impulse 
response curve. Their study concluded that far field urban street acoustics 
is dominated by scattered energy and that randomised models for the 
calculation of this energy are valid.  In the near field situation of urban 
street acoustics, specular reflection energy initially dominates the total 
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energy received, particularly in the early part of the impulse response 
curve. 
Li et al. (2005) conducted a theoretical prediction study of reverberation 
times and speech interference in long enclosures. Their study used a 
coherent image-source model which utilised the reverse time integration 
method (Schroeder 1965). The analysis of speech interference 
incorporated the Speech Transmission Index (STI) (which is outlined 
further in Section 2.3.4) and the RT30 and EDT. Their study found that a 
coherent model performed better than an incoherent model and that 
reasonably good correlations could be obtained between predictions and 
measurements. 
Li et al. (2005) conducted a study into the prediction of reverberation 
time and speech transmission index in long enclosures, for example, 
underground railway stations.  The theoretical model developed was a 
coherent image-source model. The reverberation time was calculated via 
reverse time integration of the impulse response curve.  The theoretical 
predictions agreed well with validation measurements in a real 
underground tunnel.  
Onaga et al. (2007) developed a combined radiosity and image-source 
model to examine the reverberation time of urban streets.  Results 
obtained were reasonably well validated against full scale measurements.  
The findings of their study are summarised as fol lows: 
(a) Scattering increases sound pressure near the source and this 
effect is greater in streets with taller buildings.  
(b) In streets with low buildings, specular energy is the 
dominant form of late reflection.  The opposite occurs for tall 
buildings where scattered energy becomes dominant.  
Hornikx et al. (2008) developed a 1:40 scale model of two parallel urban 
canyons with a point source in one canyon (Canyon A) and no source in 
the other (Canyon B). Various acoustic impedance and diffusion 
scenarios were modelled. The canyon without the source was modelled in 
two configurations (1) open at both ends and (2) closed at both ends but 
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open at the top. Scenario 2 represented a deep shielded courtyard.  Their 
study showed significant differences between the reverberation in Canyon 
A and Canyon B. There was also a significant difference between the 
reverberation time of the unshielded Canyon B and shielded Canyon B.  
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2.3 SPEECH INTERFERENCE 
Speech interference is one of the most important aspects of building 
acoustics. Buildings are used as habitats where the sending and receiving 
of communicative information is a major activity.  In the residence, 
speech interference issues are important in all parts of the residence, but 
particularly in the living room and kitchen.  Outdoor areas such as 
balconies are provided to allow residences a private external area to relax 
or communicate with family or friends.  Considering that speech is the 
most likely activity on a balcony with two or more persons, the speech 
intelligibility qualities of the balcony space are important, particularly in 
high road traffic noise environments.  
Interest in designing spaces for good speech communication probably 
dates as far back as ancient Greece who are known to have built some of 
the earliest outdoor amphitheatres (Long 2006). This demonstrates the 
importance communities place on good speech intelligibility;  however 
measures to quantify speech intelligibility have been developed only 
within the most recent century.  
Poor speech intelligibility arises when the desired signal is masked in the 
ear by a contamination signal.  Masking occurs due to the design of the 
human cochlear, where low frequency tones will tend to more easily mask 
high frequency tones (Bies and Hansen 1997). It is possible for high 
frequency tones to mask low frequency tones if the high frequency tone 
has significantly larger amplitude; however the region of overlap in the 
cochlear is not large. 
Speech intelligibility can be quantified by using live subjects and 
determining the fraction of understood syllables, or predicted using an 
algorithm. Either method presents the results on a rating scale.  As 
discussed above, the effect of masking is a function of both amplitude 
and frequency of ratios of signal to noise.  Therefore, all prediction 
methods of speech intelligibility are required to have knowledge of 
frequency and amplitude.  
There are many factors which can affect the intelligibility of a spo ken 
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signal. Some factors distort the signal via constructive or destructive 
interference, between the speakers mouth to the listeners ear.  Some 
factors can enhance or reduce the intelligibility by masking or with 
delayed reflections. These factors include:  
 Constructive and destructive interference from background noise 
either direct or reflected. The interference level of direct 
background noise is a function of the signal amplitude and phase.  
Reflected background noise signals and their level of interferen ce 
is a function of the reverberation time and the reflected signal 
amplitude and phase. In the case of urban streets, the 
reverberation time of the street canyon and also the balcony space 
is of interest in determining the signal  amplitude of the noise.  
 Background noise, either direct or reflected signals , in the 
listener’s ear (that is, masking).  The masking level depends on the 
signal frequency and amplitude.  
 Reflections of the signal may either enhance or reduce the 
intelligibility of the signal.  In a residential balcony, the signal 
reflections depend on the acoustic impedance characteristics of 
the balcony surfaces (and furniture).  
Several indicators of speech intelligibility have been developed, such as 
the Articulation Index (AI), Speech Interference Level (SIL), Articulation 
Loss of Consonants (ALCONS) and the Speech Transmission Index (STI).  
This list is not exhaustive, but represents the most commonly speech 
intelligibility metrics used.  
2.3.1 Articulation Index (AI) 
The Articulation Index (AI) was developed in 1947 (French and Steinberg 
1947) and various methods of measurement and calculation have been 
derived since. To determine the quality of speech intelligibility using AI, 
the un-weighted background sound pressure level in one-third octave 
bands from 200 Hz to 6300 Hz centre frequency bands is measured.  The 
background sound pressure level is plotted on a specially prepared AI 
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chart, and the AI value is determined from the chart.  
AI is a single number rating system from 0 to 1 (0% to 100%) and 
represents the percentage of intelligible syllables from a series of random 
spoken syllables.  
The AI method is more laborious than some other methods of quantifying 
speech intelligibility, and some studies have shown its ability to represent 
the communication quality of whole sentences is limited (Shepherd and 
Gunn 1977). It is not used in this research due to the reasons outlined 
above. 
2.3.2 Speech interference level (SIL)  
Speech interference level (SIL) is one of the easiest to use speech 
intelligibility metrics. The SIL is the arithmetic average of the octave 
band energy in the 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz octave band 
centre frequencies as shown in Eq. 12. 
 𝑆𝐼   
                                     
 
        (12) 
 
The SIL is easy to calculate as it only requires knowledge (measured or 
predicted) on the background noise level. It does not requir e information 
on the signal level, and thus does not use the signal to noise ratio in its 
calculation. The SIL can be compared with expected voice levels to 
predict the magnitude of the signal to noise ratio. Figure 2.4 shows how 
the SIL can be used simply to determine the likely voice signal level 
(male or female in this figure) depending on the background noise level.  
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Figure 2.4: Expected speaker-listener distances for just reliable 
communication (Standards Australia 1985; Nelson 1987) 
However one would need access to a chart similar to Figure 2.4 to 
determine some expectation of the voice level which implies a level of 
comfort or acceptability for the listener.  
In the situation of residential balconies, if it is assumed that the average 
distance between speakers and listeners would not exceed 2.0m, the chart 
in Figure 2.4 indicates a SIL of 50 or less is appropriate to maintain 
conversational voice levels.  
The SIL is calculated in this research and used for comparisons between 
different residential balcony designs.  This study does not attempt to 
correlate the calculated SIL with expected voice levels.  
2.3.3 Articulation Loss of Consonants (ALCONS)  
First proposed in 1971 (Peutz 1971), the Articulation Loss of Consonants 
(ALCONS) is a percentage of the number of lost consonants and like AI it 
is expressed as a percentage, however the lower the number the better the 
speech intelligibility.  It is calculated via a relationship between the 
volume of a room, the reverberation time of the room and the speaker to 
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listener distance. 
For residential balconies which are the focus of this study, the concept of 
a room volume is not well defined and the method appears to provide no 
more information required for this study than SIL.  Therefore the ALCONS 
is not used in this research.  
2.3.4 Speech Transmission Index (STI) 
The Speech Transmission Index (STI) is a measurement or predictive 
method incorporating signal to noise ratio (S/N) for quantifying speech 
intelligibility and thus has experienced a high level of us e in the 
acoustical industry.  It was developed in 1980 (Steeneken and Houtgast 
1980) and uses a modulation transfer function (MTF) (Houtgast and 
Steeneken 1973) to simulate human speech characteristics as modulation 
occurs naturally in speech. The underlying principle of the method is use 
of a known signal, and through comparing the quality of the received 
signal a single number indicator from 0 to 1 is calculated to indicate the 
overall speech intelligibility quality.  
As the speech signal reaches the listener its modulation is reduced which 
consequently reduces the intelligibility.  The level of reduction in the 
modulation is determined with the ‘modulation reduction factor’  shown in 
Eq. 13, where 𝑚 𝑓   is the modulation reduction factor,     is the signal 
to noise ratio (dB), 𝑓  is the modulation frequency (Hz), 𝑇   is the room 
reverberation time (s),   is the octave band centre frequency (Hz) and   is 
the modulation frequency (Hz).  
 
𝑚 𝑓     
 
      𝑓 
   
    
 
 
 
 
            
 
(13) 
 
The modulation reduction factor, 𝑚 𝑓  , is a function of two components, 
the reverberation time (𝑇  ) and the signal to noise ratio, LSN. It follows 
that when background noise is the dominant form of reducing 
intelligibility, then intelligibility is reduced independently from the 
  
 
80 
modulation frequency. Conversely, when the influence of reflections due 
to high reverberation times is the dominant form of reducing 
intelligibility, then intelligibility is reduced independently to the 
background noise amplitude. The modulation reduction factor is 
calculated across seven octave bands,  , (125 Hz, 250 Hz, 500 Hz, 1000 
Hz, 2000 Hz, 4000 Hz and 8000 Hz) and for fourteen modulation 
frequencies,   (0.63 Hz, 0.80 Hz, 1.00 Hz, 1.25 Hz, 1.60 Hz, 2.00 Hz, 
2.50 Hz, 3.20 Hz, 4.00 Hz, 5.00 Hz, 6.30 Hz, 8.00 Hz, 10.0 Hz and 12.5 
Hz). 
The modulation reduction factor is used to calculate a quantity called the 
‘apparent signal to noise ratio’,               (Eq. 14). The ‘apparent 
signal to noise ratio’ is the level of signal to noise ratio that would have 
caused all of the reduction in intelligibility, irrespective of the actual 
cause of the distortion (Long 2006). 
                        
𝑚 𝑓    
  𝑚 𝑓    
 (14) 
 
The apparent signal to noise ratio is used to calculate an STI value for 
each modulation frequency,  , and each octave band centre frequency,  , 
resulting in 98 values. These 98 𝑆𝑇𝐼   values are forced within the bounds 
of 0 and 1 through the boundary limits of Eq. 15. 
 
𝑆𝑇𝐼   
                  
  
 
𝑆𝑇𝐼                                
𝑆𝑇𝐼                                
(15) 
 
The overall single value STI is calculated through the sum of the 
weighted,   , average 𝑆𝑇𝐼   as seen in Eq. 16. 
 𝑆𝑇𝐼      
 𝑆𝑇𝐼  
  
   
  
 
 
   
 (16) 
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This study calculates the STI to compare different street and balcony 
geometrical and acoustic absorption scenarios.  A constant sound pressure 
level for speech at 1.0 metres from the speaker is adopted from ANSI 
3.5:1997 – Methods for calculation of speech intelligibility index  
(American National Standards Institute 1997) for normal voice effort and 
raised voice effort as indicated in Table 2.13. 
Table 2.13: Speech sound pressure levels at 1.0 metre used for this 
study, adopted from ANSI S3.5 (1997) 
 Octave Band Centre Frequency 
 125Hz 250Hz 500Hz 1kHz 2kHz 4kHz 8kHz 
Normal Voice, dB 51.2 57.2 59.8 53.5 48.8 43.8 38.6 
Raised Voice, dB 55.5 61.5 65.6 62.3 56.8 51.3 42.6 
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CHAPTER 3 RESEARCH SIGNIFICANCE AND 
INNOVATION 
This chapter outlines the significance and innovation of this research.  
The steps involved in outlining the significance are: 
 Firstly, to highlight the health aspects of road traffic noise levels 
on the human population;  
 Secondly, estimating the exposure of Queensland’s population to 
road traffic noise at various levels; and  
 Thirdly, to estimate the fiscal benefits or costs due to balcony 
acoustic treatments and the associated potential health effects of 
road traffic noise. 
The final section of this chapter presents the innovation of this research.  
3.1 RESEARCH SIGNIFICANCE 
To discuss and assess the significance of bal cony acoustic treatments in 
response to road traffic noise a multi -faceted investigation is conducted 
into annoyance and sleep disturbance related health costs due to 
providing improved building acoustic design standards.  The study area is 
the State of Queensland in Australia, where regional road traffic noise 
mapping data is used in conjunction with standard dose-response curves 
to estimate the population exposure levels.  The background and the 
importance of using the selected road traffic noise indicator s is discussed. 
In order to achieve the objective, correlations between the mapping 
indicator (LA10 (18 hour)) and the dose response curve indicators (Lden and 
Lnight)
 
are established via analysis on a large database of road traffic 
noise measurement data. The existing noise exposure of the study area is 
used to estimate the fiscal reductions in health related costs through the 
application of simple estimations of costs per person per year per degree 
of annoyance or sleep disturbance.  The results demonstrate that balcony 
acoustic treatments may provide a significant benefit towards reducing 
the health related costs of road traffic noise in a community.  
  
 
83 
3.1.1 Needs of the Research 
A research study was developed in response to the issues and needs 
highlighted above, in an attempt to answer some of the questions related 
to the benefit, cost and overall significance of balcony acoustic 
treatments. It was highlighted by Naish and Tan (2007) that: 
“The relevancy, practicality and technical performance of these 
(balcony) acoustic treatments are usually debated by property developers 
and acoustic professionals, due to a lack of knowledge in the cost/benefit 
ratios of the balcony acoustic treatments.”  
At that time it was anticipated that future  work in this area should focus 
on developing more accurate estimates of population exposure 
distributions and on the community costs due to environmental noise.  
Additionally, the costs of acoustic design and construction should be 
estimated and used to offset the estimated savings due to reduced health 
costs. Increased knowledge and data on (i) existing dwelling types (for 
retrofit policies), and (ii) proposed dwelling developments for forward 
exposure assessments would enhance knowledge on the significanc e of 
balcony acoustic treatments.  
This chapter presents the results of a benefit/cost study on balcon y 
acoustic treatments. The following sections outline the methodology 
developed and the results obtained.  
3.1.2 Research Significance Methodology 
The method used in this investigation relates regional noise mapping 
results to predicted mitigation benefits from acoustic building design 
policy. The generalised method is outlined in Figure 3.1. 
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Figure 3.1: Process to determine balcony acoustic treatment 
significance (adapted from Naish et al. (2012a) 
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The process involves eight main steps. Step 1 requires a regional scale 
noise mapping study to be completed with results predicting the 
population exposure levels.  In addition, building type data if available 
can significantly contribute to the process. Step 2 reviews the available 
dose-response information for the community and selects, in Step 3, 
appropriate noise exposure dose-response curves in terms of the noise 
mapping prediction indicator obtained from the regional noise exposure 
mapping. Step 4 combines the three previous steps and calculates 
population-response histograms. In Step 5, data pertaining to health, 
productivity or similarly related community costs concerning the 
environmental noise of interest are obtained and used to calculate 
estimated fiscal costs for the whole community.  A mitigation option (or 
options) such as building acoustic design standard are investigated in 
Step 6 and potential exposure mitigation levels and costs derived.  Step 7 
involves adoption of an intervention criterion level ( for example 55 
dB(A) Lnight) and the mitigation options selected are only implemente d 
for population exposed above the criterion level and applied to the 
population-response histograms from Step 4 to determine the community 
benefit. The ‘community benefit’ is determined from the change in 
population exposure histograms due to the implementation of the 
proposed mitigation.  
The final step utilises the predicted community benefit and estimates the 
fiscal savings to the community due to the introduction of the modelled 
building acoustic design mitigation (Step 8).  It also estimates the cost of  
constructing the balcony acoustic treatments, and then comparing the 
estimated health cost savings to derive a benefit/cost ratio (BCR).  
3.2 RESULTS - RESEARCH SIGNIFICANCE 
3.2.1 Step 1 - Predicting Road Traffic Noise Levels 
In this study, Step 1 utilised regional scale road traffic noise mapping 
statistics obtained from a study by Naish (2007) for noise from State-
controlled roads (approximately 36,000km) which were reported in the 
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LA10 (18 hour) indicator. That data provides the results necessary to 
determine the number of people exposed to various road traffic noise 
levels. A short summary of the results are presented earlier in Section 
1.3.2.4. 
3.2.2 Step 2 - Predicting Population Exposures 
The requirements for Step 2 raised the first problem as there are no 
locally prepared dose response curves for environmental noise in 
Queensland in terms of the LA10 (18 hou r) indicator. The lack of Australian 
specific dose-response curves and the potential need for them has been 
highlighted (enHealth Council 2004) and a review of recent literature 
indicates this lack has not since been filled. Therefore, recent dose -
response curves for noise exposure in Europe using the Lden and Lnight 
indicators have been adopted for this study (Table 1.3 and Figure 1.1). 
The adopted European dose-response curves can be tentatively accepted 
due to (a) overall similarities in development standards between Australia 
and European countries; and (b) one Australian database contributed to 
the aircraft dose-response curves (Miedema and Vos 1998) which 
establishes some local content affecting the general trends across all 
transport modes. 
3.2.3 Step 3 - Estimating Population Exposure Percentages 
The adoption of European dose-response curves introduces a second 
problem in that the noise mapping results are in terms of the L A10 (18 hour) 
and therefore a method of converting the LA10 (18 hour) to an Lden or Lnight 
was required to be able to complete this study. The method for this is 
presented in the following section.  
3.2.3.1 Indicator Correlations Methods 
This study uses regional scale road traffic noise mapping data (Naish 
2007) which was calculated using the CoRTN (Department of Transport 
Welsh Office 1988) algorithms, thus the data is in terms of the L A10(18hour) 
across Queensland, Australia. However, the dose-response curves 
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presented in Figure 1.1 are based on Lden and Lnight which means that 
some form of conversion is necessary. Queensland’s situation is similar 
to the United Kingdom (UK), as the UK has used the L A10 (18 hour) 
indicator for several decades. The UK is now required by the European 
Commission to conduct wide scale noise mapping using the L den and 
Lnight. Thus, the Transport Research Laboratory reviewed various means 
on how the UK could conduct predictions of the Lden and also prepared an 
analysis to compare the differences between the LA10 (18 hour) and the Lden 
(Transport Research Laboratory. 2002). Here a similar exercise is 
conducted using Queensland road traffic noise measurement databases 
with the aim of determining Queensland based correlations between the 
LA10 (18 hour) and the Lden, Lnight and the LAmax at night. 
The indicators investigated are defined as follows. The L A10 (18 hour) is the 
arithmetic average of the values of the LA10 (1 hour) for each of the eighteen 
one-hour periods between 6am (0600 hours) and midnight (2400 hours) 
(Eq. 17). The measured LA10 (18 hour) is equivalent to the predicted 
LA10 (18 hour) obtained using CoRTN. The Lden (Eq. 18) is the logarithmic 
average of the LAeq(Day) (12 hours from 7am to 7pm), LAeq(Eve) (4 hours 
from 7pm to 11pm) and Lnight (8 hours from 11pm to 7am) (Eq. 19). The 
‘Eve’ period attracts a 5 dB(A) weighting and the ‘Night’ period attracts 
a 10 dB(A) weighting. The LAmax,max (Night) is the highest LAmax (1 hour) of 
each of the one-hour periods between 10 pm (2200 hours) and 6 am (0600 
hours) the next day. The LAmax,av (Night) is the arithmetic average of the 
LAmax (1 hour) of each of the one-hour periods between 10 pm (2200 hours) 
and 6am (0600 hours) the next day. The purpose of distinguishing the 
LAmax,max (Night) and LAmax,av (Night)  is to help indicate variability in hourly 
maximum noise levels across the night time period.  
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A database of road traffic noise measurement results was collated so that 
statistical analysis could be performed to determine the correlations 
between various noise indicators. To ensure a representative range of 
road types in the database, the noise measurements selected include a 
variety of road sizes and types, with traffic flow rates ranging from 
multi-lane, heavy flow motorway traffic, to single lane rural road traffic 
with lower traffic flows but a higher percentage of heavy vehicles. The 
road traffic noise data is mostly from measurements carried out in the 
southeast Queensland area (Brisbane city and surrounds) ; however data is 
also gathered from around cities such as Townsville, Cairns and 
Rockhampton. The measurement data is sourced from the Queensland 
Government Department of Transport  and Main Road (TMR) databases  
and include both façade corrected and free field measurements . 
Figure 3.2 shows the approximate locations of measurements included in 
the database. The measurement locations exhibit the ranges of data 
provided in Table 3.1. Initially, a larger dataset of daily data was 
available (429 measurement locations, 992 individual days) ; however the 
quality of each day of unattended data was not known. Therefore,  prior to 
entering the final database for analysis, each day of data was visually 
checked for consistency with known traffic noise characteristics. Each 
day was charted over its 24 hour period, and any days that demonstrated 
clear examples of extraneous noise, such as spikes in the LAeq are 
removed from the final data set, thus leaving 94% of measurement 
locations and 95% of individual days remaining in the database. Finally, 
the database comprised 404 measurement locations, and 947 individual 
days of valid noise measurements.  
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Table 3.1: Range of variables in the final measurement database 
Variable Range 
Measurement Dates November 2001 to November 2007 
Pavement Surface Type Bitumen Spray Seal, Concrete, Dense Graded 
Asphalt, Open Graded Asphalt, PMB Spray Seal, 
Sprayed Seal, Stone Mastic Asphalt. 
Speed 60 km/hr to 110 km/hr 
Annual Average Daily Traffic 
(AADT) 
1700 to 128,000 vehicles per day 
Commercial vehicle percentage 
(%CV) 
1% to 20% 
Distance Road to Receiver (m) 10 m to 4700 m 
  
 
Figure 3.2: Indication of noise monitoring locations in Queensland 
– numbers indicate the totals days of sample data for that region 
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3.2.3.2 Indicator Correlations Results 
The correlations that are obtained between the Lden, Lnight ,  LAmax,av (Night) 
and LAmax,max (Night) are presented in Table 3.2 and graphically in Figure 
3.3 and Figure 3.4. The correlation between the LA10 (18 hour) and the Lden 
(Figure 3.3(a) and (b) demonstrates a high correlation with the 
LA10 (18 hour). The Lden  (R
2
 = 0.93, ± 3.3 dB(A)) appears to be a suitable 
indicator which can be calculated easily from an LA10 (18 hour) conversion 
with some confidence. The Lnight correlation with the LA10 (18 hour) (Figure 
3.3(c) and (d) also shows a high correlation trend but displays more 
scatter than the Lden. These correlation levels allow the use of equations 
in Table 3.2 to convert LA10 (18 hour) to Lden and Lnight which allows the use 
of the dose response curves presented in Figure 1.1 for the purpose of this 
research. 
Table 3.2: Correlations of various indicators with the LA10 (18 hour) 
Dependant Variable Correlation Equation  dB(A) R
2*
 
Lden (3) Lden = 0.88 (LA10 (18 hour)) + 9.3 ± 3.3 0.93 
Lnight (4) Lnight = 0.91 (LA10 (18 hour)) - 1.5 ± 4.8 0.87 
LAmax,max (Night) (5) LAmax,max (Night) = 0.79 (LA10 (18 hour)) + 30.9 ± 10.6 0.50 
LAmax,av (Night) (6) LAmax,av (Night) = 1.03 (LA10 (18 hour)) + 8.9 ± 5.9 0.85 
*R
2
 Correlation Coefficient 
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Figure 3.3: Distribution LA10 (18 hour) compared to Lden (a) and (b) 
and Lnight (c) and (d) 
 
Figure 3.4: Distribution LA10 (18 hour) compared to LAmax.av (a) and (b) 
and LAmax,max (c) and (d) 
 
0
10
20
30
40
50
60
70
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
9
5
1
0
0
1
0
5
1
1
0
Sound Pressure Level Parameter, dB(A)
F
re
q
u
e
n
c
y
LAeq (Night)
LA10 (18 hour)
40
50
60
70
80
90
100
110
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
LA10 (18 hour)
L
A
e
q
 (
N
ig
h
t)
LAeq (Night)
LA10 (18 hour)
Linear (LAeq (Night))
0
10
20
30
40
50
60
70
80
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
9
5
1
0
0
1
0
5
1
1
0
Sound Pressure Level Parameter, dB(A)
F
re
q
u
e
n
c
y
Lden
LA10 (18 hour)
40
50
60
70
80
90
100
110
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
LA10 (18 hour)
L
d
e
n
Lden
LA10 (18 hour)
Linear (Lden)
(b)
(a)
(d)
(c)
40
50
60
70
80
90
100
110
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
LA10 (18 hour)
L
A
m
a
x
,m
a
x
 (
N
ig
h
t)
LAmax,max (Night)
LA10 (18 hour)
Linear (LAmax,max (Night))
40
50
60
70
80
90
100
110
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
LA10 (18 hour)
L
A
m
a
x
,a
v
 (
N
ig
h
t)
LAmax,av (Night)
LA10 (18 hour)
Linear (LAmax,av (Night))
0
10
20
30
40
50
60
70
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
9
5
1
0
0
1
0
5
1
1
0
Sound Pressure Level Parameter, dB(A)
F
re
q
u
e
n
c
y
LAmax,av (Night)
LA10 (18 hour)
(b)
(a)
(d)
(c)
0
10
20
30
40
50
60
70
4
0
4
5
5
0
5
5
6
0
6
5
7
0
7
5
8
0
8
5
9
0
9
5
1
0
0
1
0
5
1
1
0
Sound Pressure Level Parameter, dB(A)
F
re
q
u
e
n
c
y
LAmax,max (Night)
LA10 (18 hour)
  
 
92 
The correlation between the LAmax and the LA10 (18 hour) is of interest from 
the point of view that the LAmax is often considered the appropriate 
indicator to assess short term effects of sleep and is another indicator 
often used for dose-response curves. There is a reasonable correlation 
with the average LAmax (LAmax, av (Night)) in the night time period as seen in 
Figure 3.4(a) and (b), but it is not as strong as the Lnight correlation. 
Clearly from Figure 3.4(c) and (d) the highest LAmax in the night time 
period (LAmax, max (Night)) is not well correlated with the LA10 (18 hour). This 
result is not surprising as the highest LAmax is the statistic most 
contaminated by non-consistent traffic noise such as a single noisy 
isolated vehicle, a dog bark, an aeroplane or any type of extraneous 
noise. Thus the LAmax indicator, either the highest level or average level, 
is not an appropriate indicator to use in this study to assess the effects of 
acoustic building design protocols and policies on community 
productivity levels. Therefore the remainder of this study only focus es on 
the Lden and Lnight. 
3.2.4 Step 4 - Estimating Total Number of Exposed Persons 
Once the problems in Steps 2 and 3 were overcome, the calculation of 
population exposure distribution in Step 4 was relat ively straight forward. 
Using the dose response relationships presented in Figure 1.1 and the 
population exposure data (Naish 2007), it is possible to estimate the 
number of people annoyed, highly annoyed or sleep disturbed to various 
levels. 
3.2.4.1 Exposure Distributions – Pre-mitigation 
Using the correlations in Table 3.2 and the estimate of Queensland’s 
population of 4,583,996 (OESR 2011) (current at the time of publication) 
the estimated number of people Highly Annoyed or Annoyed, Highly 
Sleep Disturbed, Sleep Disturbed to Lowly Sleep Disturbed from road 
traffic noise are shown in Figure 3.5. It reveals that road traffic noise in 
Queensland is likely to be a significant issue in the community.  
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Figure 3.5: Number of people in Queensland (a) annoyed or highly 
annoyed and (b) sleep disturbed  
3.2.5 Step 5 - Prediction of Exposure Costs 
To collate all the data listed in Figure 3.1 to complete Step 5 would 
require a very substantial research program due to the diversity of data 
sources. This study has been limited to investigating health related costs 
for sleep disturbance in order to constrain the scope of the study and even 
with this constraint it is difficult to derive a cost per person for 
annoyance or sleep disturbance due to road traffic noise. The method 
used for completing Step 5 is presented in the following section. 
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3.2.5.1 Estimating Road Noise Related Sleep Disturbance Health Costs 
The estimated health cost of sleep disorders in Australia has been 
provided in a report by Access Economics  Pty Ltd (2004). The overall 
summary of that report was, as far back as 2004, over 6% of the 
population experienced sleep disorder with total costs of $10.3 billion in 
2004 ($Aus) with overall direct associated health costs alone contributing 
to $628 million ($61 mi llion for ‘out of hospital’ costs such as 
appointments with medical professionals) and indirect associated health 
costs of $5.6 billion. The report summarised that the total financial costs 
of sleep disorders were $6.2 billion, which equated to $5,175 per person 
with a sleep disorder and averaged out to $310 per person across the 
entire population of Australia. The total of $5,175 per person was 
calculated as $520 health costs plus $4,655 indirect health costs, where 
indirect health costs are a combination of work related injuries ($2,240), 
motor vehicle accidents ($925), productivity losses ($1,375) and tax 
revenue loss ($115).  
An alternative method to estimate sleep disorder health costs was 
developed (i) for the purposes of this research, and ( ii) to confirm the 
reasonableness of the figures above. In this method, average Australian 
Government cost contributions related to attendances to a medical 
professional and selected pharmaceuticals in Australia have been 
obtained from statistics from Medicare (a div ision of the Australian 
Government) (Medicare Australia Statistics - Group Reports 2011). 
Statistics obtained indicate in the financial year July 2010 to June 2011 
there were approximately 100 million attendances consuming 
approximately $3,909 million of government rebate and $1,415 million in 
pharmaceuticals. Therefore, on average, government contributions to a 
single appointment to a general medical professional was $39 and that on 
average, each appointment resulted in $14 being spent on selected 
pharmaceuticals. Attendances with medical professionals are categorised 
by duration and the level of Government rebate available (Medicare 
Benefits Schedule 2011) where (in 2011), Type ‘A’ = Very short duration 
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($16); Type ‘B’ = Less than 20minutes ($35); Type ‘C’ = Between 20 and 
40 minutes ($68); and Type ‘D’ = Greater than 40 minutes ($100). The 
Access Economics Pty Ltd report (2004) indicates medical professional 
attendances for sleep disorder were, in 2004, approximately 73% Type 
‘B’; 14% Type ‘C’ and 1% Type ‘D’ consultations. The minimum and 
average wage rates for Australia were obtained to assist in determining 
productivity losses associated with sleep disturbance. The minimum wage 
was nearly $16/hour (Fair Work Ombudsman - Rates of Pay 2011) 
whereas the average weekly wage for permanent full time workers was 
$1250 with an average of 39.2 hours per week (Australian Bureau of 
Statistics 2011). This results in an average hourly rate of approximately 
$32 per week for a permanent full time worker in Australia. Both the 
minimum and average hourly rates are used to estimate a possible range 
of health costs.  
The benefit estimation process requires several assumptions to be made 
which are linked to the health cost data with the dose response curves 
from Steps 2 and 3. It was assumed that:  
 financial health costs of ‘annoyed’ persons equals ‘lowly sleep 
disturbed’ and:  
 financial health costs of ‘highly annoyed’ persons equals ‘sleep 
disturbed’ persons.  
It is also assumed that ‘highly sleep disturbed’ persons are likely to 
exhibit symptoms of a sleep disorder. The basis for this assumption 
comes from the WHO ‘Night Noise Guidelines’ where via an assessment 
of disability weights “it is justified to consider noise-related sleep 
disturbance as a substantial loss of public health” (World Health 
Organisation 2009).  
The three health cost categories derived by Naish, Tan and Demirbile k 
(2012a) were based on groupings of dose-response symptoms and are 
summarised as follows: 
 
  
 
96 
 Heath Cost Category 1 (HCC1) includes ‘annoyed’ and ‘lowly 
sleep disturbed’ persons, and the health costs  can be estimated as 
(in Australian Dollars) $100/person/year. This cost is estimated as 
the cost of one Type ‘B’ appointment to a medical professional 
plus the cost of minor prescription medicines or could simply be 
the cost of a few hours of lower efficiency in the workplace. An 
estimated cost of $100/person/year could easily underestimate the 
health cost of annoyed and lowly sleep disturbed. It is assumed 
that due to the possibly mild symptoms that there are no further 
indirect health costs associated with this category. 
 Health Cost Category 2 (HCC2)  includes ‘highly annoyed’ and 
‘sleep disturbed’ persons with estimated yearly health costs of 
$500/person/year. This category is estimated as the cost of up to 
five Type ‘C’ visits to a medical professional o r could be a single 
day away from work per year which appears to be an appropriate 
estimate for highly annoyed and sleep disturbed people. The 
average cost of Category 1 and 2 is $300 which is similar to the 
estimates provided in the above mentioned report  by Access 
Economics Pty Ltd (2004). Like HCC1, indirect health costs are 
assumed to be not present or negligible.  
 Health Cost Category 3 (HCC3)  is reserved for ‘highly sleep 
disturbed’ persons and the  estimated yearly health cost is 
$5000/person/year. The estimate is based on up to ten Type ‘D’ 
medical professional appointments and at least five days away 
from work per year. Indirect health costs cannot be assumed 
negligible for this category, as these  costs contribute largely to 
the estimated health cost. Consequently, the cost of indirect 
health costs was extracted directly from the Access Economics 
report. 
Table 3.3 outlines the derivation followed to obtain the estimated health  
costs for each of the three health cost categories described above. 
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Table 3.3: Derivation of estimated health cost categories, HCC1, 
HCC2 and HCC3 
 HCC1 HCC2 HCC3 
Annoyance Categories    
Lden Annoyed 
Highly 
Annoyed 
- 
Lnight 
Lowly 
Sleep Disturbed 
 
Sleep Disturbed 
Highly 
Sleep Disturbed 
Medical Appointments    
Appointment Cost $35 $68 $100 
Appointment Category (Type ‘B’) (Type ‘C’) (Type ‘D’) 
Quantity 1 5 10 
Total $35 $340 $1,000 
Pharmaceuticals    
Cost per appointment $14 $14 $14 
Total $14 $70 $140 
Productivity     
Work hours lost 2 8 40 
Wage Type (Min to Avg)* Min to Avg Min to Avg Min to Avg 
Total $32to $64 $128 to $538 $640 to $1,280 
Indirect Financial Costs    
Work related injuries - - $2,240 
Motor vehicle accidents - - $925 
Loss of tax revenue - - $115 
Total   $3,280 
Overall Total $81 to $113 $538 to $666 
$5,060 to 
$5,700 
Allocated cost for this study 
(per person/per year) 
$100 $500 $5,000 
* Wage Type; Min = Minimum Wage ($16/hour); Avg = Average Wage ($32/hour) 
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3.2.6 Step 6 - Assessing Exposure Mitigation Options 
The mitigation option selected for Step 6 specifically investigates the 
attenuation benefits provided by balcony acoustic treatments. A summary 
of literature on balcony acoustic design can be found in Chapter 2. The 
predicted levels of noise attenuation from balcony acoustic treatments 
and the various scenarios used in this study are presented in the following 
section. 
3.2.6.1 Predicting mitigation levels of balcony acoustic treatments 
As discussed by Naish and Tan (2007), balcony acoustic treatments may 
provide up to approximately 10 dB(A) attenuation in road traffic noise 
exposure to people, and these values have been partly confirmed through 
theoretically predicted attenuations determined by Naish et al (2010) and 
others (May 1979; Oldham and Mohsen 1979a; Tzekakis 1983; 
Hothersall, Horoshenkov and Mercy 1996; Li et al. 2003; Hossam El Dien 
and Woloszyn 2005; Tang 2005; Lee et al. 2007). Figure 3.6 demonstrates 
the typical level of balcony acoustic treatment which could be installed to 
provide road traffic noise attenuation compared to an untreated balcony. 
The nominated potential attenuation in Figure 3.6 is generalised and the 
actual attenuation achieved in-situ depends on a wide range of factors 
arising from the balcony geometry, the street geometry and the 
relationships between the balcony geometry and the street geometry. For 
this study, the generalised potential attenuation is considered appropriate 
for demonstration purposes, particularly as the regional scale road traffic 
noise mapping data used in this study does not take into account the  
actual locations of balconies.  
In summary of Figure 3.6, Case A balconies are the base case and provide 
0 dB(A) attenuation, Case B balconies are estimated to provide 2 to 5 
dB(A) attenuation and Case C balconies are estimated to provide 6 to 10 
dB(A) attenuation. 
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Figure 3.6: Categorised balcony acoustic treatments (Naish, Tan 
and Demirbilek 2012a) 
It is efficient if the intervention criteria are established prior to 
developing the mitigation scenarios. Whilst the effectiveness of the 
intervention criteria is assessed in Step 7, creating multiple mitigation 
scenarios allows further optimisation of the implementation of mitigation.  
The intervention level adopted for this study is 55 dB(A) L night  which is 
the interim target set by the WHO in NNGE (World Health Organisation 
2009). Four balcony acoustic treatment attenuation scenarios for all 
people above the intervention criterion level of 55 dB(A) Lni gh t were 
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developed, as follows: 
 Scenario 1 applies a constant 2 dB(A) attenuation for all receivers 
at or above 55 dB(A) LNight. Scenario 1 applies to the lowest 
attenuating forms of Case B, which includes the simplest balcony 
acoustic treatment designs and non-assisting street/balcony 
geometry. 
 Scenario 2 applies a constant 5 dB(A) attenuation for all receivers 
at or above 55 dB(A) LNight. Scenario 2 applies to the highest 
attenuating forms of Case B, where street/balcony geometry is 
favourable to balcony acoustic treatments or the lowest 
attenuating forms of Case C where street/balcony geometry is 
unfavourable to balcony acoustic treatments. 
 Scenario 3 applies a constant 10 dB(A) attenuation for all 
receivers at or above 55 dB(A) LNight. Scenario 3 applies to Case 
C designs with favourable street/balcony geometry.  
 Scenario 4, is a hybrid attenuation model and applies a 2 dB(A) 
attenuation from 55 dB(A) LNight to 59 dB(A) LNight a 5 dB(A) 
attenuation from 60 dB(A) LNight to 64 dB(A) LNight and a 10 
dB(A) attenuation from 65 dB(A) LNight and above. Scenario 4 is a 
hybrid model combining Scenarios 1, 2 and 3 and demonstrates an 
attempt at optimising balcony acoustic treatment designs that are 
fit for purpose which may result in an optimization point 
surrounding the resultant benefit cost ratio.  
3.2.7 Step 7 - Predicting Post-mitigation Exposure 
Step 7 aims to assess the effectiveness of an appropriate intervention 
criterion level. Using equations in Table 3.2, the intervention level of 55 
dB(A) Lnight level corresponds with 62 dB(A) LA10 (18 hour) free field. The 
second part of Step 7 requires the re-evaluation of the population 
exposure distribution due to the introduction of the studied mitigation 
design. Including expected balcony acoustic treatments attenuations from 
Case B and Case C from Figure 3.6 and the mitigation scenarios outlined 
above into the population exposure predictions allows a re -estimation of 
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the number of people Highly Annoyed, Annoyed, Highly Sleep Disturbed, 
Sleep Disturbed or Lowly Sleep Disturbed.  
3.2.7.1 Community Benefit 
It is important to analyse the Community Benefit in detail as this research 
extends into benefit cost ratio (BCR) analysis. Figure 3.7 presents a 
schematic diagram of the Community Benefit marked as the ‘Community 
Benefit Zone’, which conceptually is the area difference between the 
original population exposure histogram and the attenuated population 
exposure histogram. Step 7 in Figure 3.1 does not identify that at levels 
immediately below the intervention criteria there will be an increase in 
the number of people, marked as the ‘Exposure Increase Zone’ in Figure 
3.7. Beyond the limits of the attenuation treatment, the population 
exposure histogram experiences no change in that area and is defined as 
the ‘No Change Zone’.  
Figure 3.7 demonstrates an ideal outcome where the implemented 
attenuation has not increased exposure levels at any sound pressure level 
above the intervention criteria.  
The data from the previous study is shown in Figure 3.8 and clearly 
exhibits the differences between the ‘Community Benefit Zone’ and the 
‘Exposure Increase Zone’ that can arise with different attenuation 
scenarios. The ‘Community Benefit Zone’ increases in size considerably 
as the level of attenuation provided are increased, reaching a maximum 
size for Scenario 3. Likewise the ‘Exposure Increase Zone’ becomes 
increasing large with larger attenuation, yet this effect is pronounced 
because the attenuation implementation is not progressed below the 
intervention level. This is an important consideration for the creation of 
attenuation policies. The effect of attenuation of Scenario 4 is also 
interesting because the hybrid attenuation model extends the ‘Exposure 
Increase Zone’ to levels higher than the Intervention Level. Thus one 
would need to understand this effect prior to the analysis of road noise 
annoyance statistics pre and post attenuation implementation.  
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Figure 3.7: Concept diagram of the Community Benefit 
3.2.7.2 Exposure Distributions – Post-mitigation 
Figure 3.8 presents the resultant shift in the distribution of the number of 
people and their exposure compared to the ‘no attenuation’ case. There is 
a downward shift around the 55 dB(A) Lnight intervention level, resulting 
in more people being below the intervention level. Clearly the Scenario 3 
(10 dB(A) attenuation) is the most effective. In each scenario in Figure 
3.8, the ‘community benefit’ described above and Figure 3.7 can be 
visually compared. 
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Figure 3.8: Presentation of the Community Benefit for Scenarios 1 
to 4 respectively (data from Naish et al. (2012a)) 
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3.2.8 Step 8 - Predicting Exposure Mitigation Benefits and Costs 
The final step, Step 8, estimates the fiscal benefits and the fiscal costs in 
achieving them and examines the benefit to cost ratio (BCR) to determine 
the most economic mitigation scenario.  
3.2.8.1 Benefits - Reduction in Health Costs 
This study assesses the potential health cost savings if noise attenuation 
is provided for all receivers in Queensland above a level of 55 dB(A) 
Lnight. Naturally, not all receivers would be eligible for balcony acoustic 
treatments but it is outside the scope of this study to attempt to determine 
the number of receivers in Queensland with a balcony which could be 
eligible for an acoustic treatment upgrade. Regardless of this limitation in 
the study, it is still beneficial to anticipate the linkages between the 
provision of balcony acoustic treatments (and possibly other building 
acoustic design policies) and the potential health cost savings.  
Based on the assumptions in Step 5 along with the potential estimated 
savings afforded by the four attenuations scenarios described in Step 6, 
the total direct and indirect health costs to Queensland due to road traffic 
noise exposure can be calculated as shown in  Table 3.4. 
In Table 3.4, the base scenario with no attenuation is designated Scenario 
0. The estimated health cost savings are calculated from the base cost 
(Scenario 0) minus the revised estimated cost of each of the attenuation 
scenarios for each of the annoyance categories. With these results  based 
on fiscal health cost estimate alone, it is demonstrated that there are 
significant benefits to the economy by reducing road traffic noise 
exposures. As expected, the highest cost savings are predicted from the 
highest attenuation scenario, Scenario 3, and the least savings were from 
the least attenuation, Scenario 1. The hybrid attenuation scenario 
provides results between Scenario 1 and Scenario 2.  
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Table 3.4: Predicted health costs in Queensland due to exposure to 
road traffic noise ($Aus) 
S
ce
n
a
ri
o
 
In
d
ic
a
to
r 
Annoyance 
Level 
Number 
of 
People 
1000’s 
Percentage 
of 
Population 
(%) 
Estimated 
Health 
Cost 
($millions)* 
Estimated 
Health Cost 
Savings 
($millions)** 
Percent 
Reduced 
(%) 
N
o
te
s 
0 Lden  A 1,231 28% $123 -  
 
  HA 544 13% $272 -  
 
 Lnight LSD 606 14% $61 -  
 
  SD 284 7% $142 -  
 
  HSD 117 3% $585 -  
 
1 Lden  A 1,147 26% $115 $8 7% 
i 
  HA 484 11% $242 $30 11% 
ii 
 Lnight LSD 582 13% $58 $3 5% 
i 
  SD 268 6% $134 $8 6% 
ii 
  HSD 108 2% $540 $45 8% 
iii 
2 Lden  A 1,077 25% $108 $15 12% 
i 
  HA 438 10% $219 $53 19% 
ii 
 Lnight LSD 555 13% $56 $5 8% 
i 
  SD 251 6% $126 $16 11% 
ii 
  HSD 99 2% $495 $90 15% 
iii 
3 Lden  A 1,005 23% $101 $22 18% 
i 
  HA 399 9% $200 $72 26% 
ii 
 Lnight LSD 514 12% $51 $10 16% 
i 
  SD 227 5% $114 $28 20% 
ii 
  HSD 89 2% $445 $140 24% 
iii 
4 Lden  A 1,116 26% $112 $11 9% 
i 
  HA 461 11% $231 $41 15% 
ii 
 Lnight LSD 568 13% $57 $4 7% 
i 
  SD 259 6% $130 $12 8% 
ii 
  HSD 103 2% $515 $70 12% 
iii 
A = Annoyed; HA = Highly Annoyed 
HSD = Highly Sleep Disturbed; SD = Sleep Disturbed; LSD = Lowly Sleep Disturbed 
* Based on the assumptions outlined in Section 3.2.2 and derived from the Access Economics report 
(Access Economics Pty Ltd. 2004). 
** Scenario 0 minus Scenario 1, 2, 3 or 4 for the relevant annoyance category. 
Notes 
i 
based on Health Cost Category 1 ($100/person/year) 
ii
 based on Health Cost Category 2 ($500/person/year) 
iii
 based on Health Cost Category 3 ($5,000/person/year) 
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On further inspection of the results, it is observed that estimated health 
cost savings were between $3 million (Scenario 1/Lowly Sleep Disturbed) 
and $140 million (Scenario 3/Highly Sleep Disturbed). The average cost 
saving across all scenarios and annoyance categories is $34 million. As a 
percentage reduction, the lowest is 5% (Scenario 1/Lowly Sleep 
Disturbed) and the highest is 26% (Scenario 3/Highly Annoyed). In the 
annoyance category of most concern, ‘Highly Sleep Disturbed’, cost 
savings are from $45 million (Scenario 1) to $140 million (Scenario 3) 
while the hybrid attenuation scenario predicted $70 million (12%) cost 
savings. 
The non-fiscal benefits such as improved communities, social behaviour 
and interaction or long term improvements in children’s concentration 
levels at school have not been investigated here but would be important 
additions in future studies. The potential estimated health costs savings in 
Table 3.4 are not offset by the one-off cost of installing the balcony 
acoustic treatments. This exercise which compares the one -off cost of the 
treatment versus the yearly health cost savings is provided in the next 
section. Inflation, asset depreciation, ongoing maintenance, population 
increases or other improvements such as increases in community 
productivity are a number of other variables that would require 
consideration in a more detailed economic study; all of which has been 
excluded from the scope of this study.  
3.2.8.2 Costs - Balcony Acoustic Treatments Construction 
Once the estimated benefits have been derived, it is important to obtain 
an estimate of the costs of implementing the proposed attenuation 
scenario. Estimated costs of construction for the different balcony 
acoustic treatments were derived from Rawlinsons Construction Cost 
Guide 2012 (Rawlinsons 2012). The cost estimations include materials 
and labour, and those selected for use in this study are shown in Table 
3.5.  
A balcony with dimensions 3m wide × 2m deep × 3m high was set as 
constant in this study. With these base dimensions, four balcony cost 
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scenarios were developed in order to simulate the four attenuation 
scenarios described previously.  The linear metres and surface areas of all 
major components were calculated, and then quantities and costs of each 
item were estimated. In order to assess the cost of the balcony acoustic 
treatment, only the additional costs above the standard balcony parapets 
was required. This ‘Base Case’ cost was due to the safety requirements 
for a balcony to require at least an acoustically transparent parapet such 
as metal balusters on a steel frame.  
Table 3.5: Selected balcony acoustic treatment items and unit cost 
rates ($AUD) 
Item Description Unit rate 
Parapets - 
Normal 
Parapet 1000mm high comprising 50x9mm top and bottom rails 
filled in with 16x16mm balusters at 150mm centers and 25x25mm 
standards at 1800mm 
$350/m 
Parapets - 
Acoustic 
Glazed Parapet, 1000mm high, 6mm laminated glass with posts at 
1200mm centers. 
$520/m 
Full Height 
Walls 
Block-work, 100mm thick $92/m
2 
Ceiling 
Shields 
6mm clear glass $350/m
2
 
Absorption   
Insulation Glass-wool blanket, 50mm thick $13/m
2
 
Metal Perforated metal, flat in support frame $83/m
2
 
   
The balcony acoustic treatments for the parapet consisted of solid glazed 
parapets. In line with recent local experience, a solid glazed parapet 
seems to be a more popular method of achieving the acoustic treatment 
requirements, because they permit views and light to penetrate into the 
dwelling. Solid masonry parapets are not common due to the impedance 
on visibility and additional mass to the building.  Masonry was selected 
for use on full height walls as these are more durable than glazing and 
also provide privacy and shading.  The lower cost per square metre may 
also make masonry a more attractive material than glazing for full height 
walls. The material selected for ceiling shields was similar to glazed 
parapets for similar reasons of views and light.  In local practice in 
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Queensland, the use of perforated metal  that is often corrugated and 
supported on frames and backed with acoustic insulation such as glass -
wool is a popular method of achieving acoustic absorption in balcony 
spaces. Consequently, these materials were included in the balcony 
acoustic treatment costs.  
The estimated balcony acoustic treatment costs are shown in Table 3.6. 
The first column contains the ‘Base Case’ metal balusters cost of $2450.  
The balcony acoustic treatment cost was estimated by subtracting the cost 
of the ‘Base Case’ from the scenario cost.  
The estimated cost ($AUD) for providing attenuation:  
 2dB(A) Scenario 1 is $1190;  
 5 dB(A) Scenario 2 is $1764;  
 10 dB(A) Scenario 3 is $3491;  
 Scenario 4, the hybrid scenario, is a combination of costs from 
Table 3.6 from Scenarios 1, 2 and 3.  
These attenuation costs were applied to those dwellings containing people 
who were predicted to be above the intervention criterion level of 55 
dB(A) Lnight in the same manner that the predicted savings in health costs 
were calculated. However, unlike health costs which can be calculated for 
each person, attenuation costs are calculated per dwelling. It is not 
appropriate to assign the balcony acoustic treatment costs scenario to 
each individual that is identified as potentially sleep disturbed and thus it 
is required to estimate the ratio of persons per dwelling. The average 
number of people per dwelling in Queensland was 2.6, which was 
obtained from the Australian Bureau of Statist ics Census in 2006 
(Australian Bureau of Statistics 2007). This population/dwelling ratio 
was applied uniformly across Queensland in order to calculate the total 
attenuation costs for each scenario modelled.  
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Table 3.6: Estimated balcony acoustic treatment costs ($AUD) 
Item Base Case 
Scenario 1 
2dB(A) 
Scenario 2 
5dB(A) 
Scenario 3 
10dB(A) 
Parapet $1050* $1560+ $1560+ $1560+ 
Parapet Side1 $700* $1040+ $1040+ - 
Parapet Side2 $700* $1040+ $1040+ - 
Full Height Side1 - - - $550 
Full Height Side2 - - - $550 
Ceiling Shield - - - $525 
Ceiling Shield1 - - - $350 
Ceiling Shield2 - - - $350 
Absorptive Surface     
Parapet - - - - 
Parapet Side1 - - - - 
Parapet Side2 - - - - 
Full Height Side1 - - - $574 
Full Height Side2 - - - $574 
Ceiling Shield - - - $144 
Ceiling Shield1 - - - $96 
Ceiling Shield2 - - - $96 
Floor - - - - 
Roof - - $574 $574 
Façade - - - - 
Total $2450 $3640 $4214 $5941 
Base Cost $2450 $2450 $2450 $2450 
Attenuation Cost - $1190 $1764 $3491 
* Parapets - Normal (refer to Table 3.5) 
+ Parapets - Acoustic (refer to Table 3.5) 
3.2.8.3 BCR Results 
This investigation only focuses on the predicted percentage of population 
that is sleep disturbed, that is, based on the Lnight indicator. This is 
because the Lnight indicator is likely to provide the highest possible health 
cost. It would not be appropriate to assess a BCR based on both L den and 
Lnight combined, as this will underestimate the health cost . The underlying 
assumption here is that the percentage of persons who are annoyed (L den) 
are likely to also be sleep disturbed (Lnight), thus the cost of providing 
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balcony acoustic treatments reduces the propensity in either indicator.  
The estimated savings in health costs previously calculated on a yearly 
basis was assumed to be linearly cumulative.  This means that once the 
balcony acoustic treatment has been installed it provides an ongoing 
benefit year after year.  The cost of each balcony acoustic treatment 
scenario is considered a once off cost in the first year, with health cost 
saving benefits only occurring in the following year.  Considering these 
assumptions, it was possible to calculate the benefit cost ratio on a 
changing basis per year.  In this study a 10 year limit was chosen for 
demonstration purposes.  
Figure 3.9 presents a chart of the increasing benefit cost ratio on a yearly 
basis up to 10 years from the date of implementing each balcony acoustic 
treatment scenario. As the estimated cumulative health cost savings 
increases yearly, consequently the BCR increases yearly.  A BCR of 1.0 is 
considered the point in time when the net benefit equals the net cost 
(Australian Government 2009). This point occurs in year 3 for Scenarios 
2 and 4, and year 4 for Scenarios 1 and 3.  An inspection on the rate of 
increase in year BCR shows that each scenario increases yearly by 
different amounts. The highest rate of increase (0.39/year) was associated 
with Scenario 2, the second highest was Scenario 4 at 0.34/year.  Scenario 
3 showed a slightly lower rate (0.32/year) than Scenario 4, with Scenario 
1 demonstrating the lowest year increase in BCR at 0.29/year.  
After a period of 10 years, all scenarios demonstrate a BCR of greater 
than 2.8 which may be considered a clear warrant for investment into 
developing policies and programs towards the implementation of balcony 
acoustic treatments. It is clear than if the BCR was extrapolated out to the 
life of the acoustic treatments or the design expectancy of dwelling itself, 
very high BCR’s would be attained.  
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Figure 3.9: Benefit Cost Ratio (BCR) for attenuation Scenarios 1 to 
4. 
3.2.9 Research Significance Discussion 
The study demonstrates a multi -faceted approach of using regional scale 
mapping results, population and land use data and noise dose -response 
curves to estimate the potential  cost and benefits of acoustic design 
policies for buildings. The study has used the potential noise attenuation 
from balcony acoustic treatments obtained from the literature as an 
example. The fiscal benefits in terms of estimated savings to community 
health costs arising from annoyance and sleep disturbance demonstrate 
that balcony acoustic treatments may provide a significant benefit 
towards reducing the health related costs of road traffic noise.  
The method described in this study can be used to estimat e the effects of 
changing planning and building design policies other than balcony 
acoustic treatments, such as internal environmental noise guidelines, 
local area planning scheme codes, predicted changes in urban population 
densities and predicting the impacts of road planning and design.  Future 
work in this area should be focused on developing more accurate 
estimates of population exposure distributions and on the community 
costs of the environmental noise source.  Additionally, the costs of the 
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acoustic design and construction should be estimated and used to offset 
estimated savings. Increased knowledge and data on existing dwelling 
types (for retrofit policies) and proposed dwelling developments for 
forward exposure assessments would enhance future studies. 
This study does not purport to be a highly theoretical economic benefit 
cost analysis. However it does set forth a methodology for assessing the 
benefits of environmental noise attenuation that could be installed in 
building facades to promote the use of self protecting buildings. This 
study utilises balcony acoustic treatments as an example towards the use 
of the methodology.  
This study does not consider some of the listed issues below. Further 
work is warranted to include the following issues in the me thodology. 
Some observed limitations are the study has not included, considered or 
assessed: 
 Population growth or decline;  
 Transportation noise growth or decline;  
 Inflation on health costs and attenuation implementation costs;  
 Ongoing maintenance costs of the balcony acoustic treatments;  
 Local variations in population dwelling ratios;  
 Climatic environments, for example, tropical or temperate 
climates that induce different dwelling design and occupant 
behaviour; and 
 Relationships with energy efficiency, for example, some climates 
promote thermal conditioning (warming or cooling or both 
depending on season) and some climates promote natural 
ventilation. 
The methodology presented may be used to assist in creating structural 
assessment of proposed policies that aim to attenuate environmental 
noise. Poorly constructed policies could be determined to be uneconomic 
from a BCR perspective; alternatively good policies could be improved 
further by optimising the timing, depth and placement of design acoustic 
attenuations. Policies should consider what BCR is necessary before a 
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particular attenuation scenario could be justified.  
In terms of balcony acoustic treatments, this study confirms the need for 
the development of pragmatic design guides. Design guides promote t he 
use of attenuation treatments and will allow the concept of self protecting 
buildings to permeate through local land use and building planning 
guidelines. 
There is a need to develop practical design guides which can be used 
efficiently and accurately by acoustic professionals in balcony design. 
Such design guides will promote consistency in the building development 
industry, improve the life style for people to dwell with reduced road 
traffic noise and promote the significance of balcony acoustic treatme nts 
in the community.  
Finally, the significance on balcony acoustic treatments has been 
demonstrated through the development of a benefit cost ratio analysis 
using population exposure data and estimated benefits through health cost 
savings. Thus the intentions of this study have been realised. 
3.3 RESEARCH INNOVATION 
This research is novel and innovative due to the following:  
1. The main focus topic of this study, speech interference and 
residential balconies with road traffic noise has not been 
previously studied, particularly with the view to establishing 
a broad knowledge on the effects of specular and diffuse 
energy with various absorption and scattering characteristics 
of urban streets and balconies;  
2. A combined direct path, specular reflection path (image 
source method) and diffuse reflection path (radiosity 
method) has not been previously developed for the study of 
road traffic noise on residential balconies;  
3. No other research has established a two compartment diffuse 
method using the radiosity method for calculating the diffuse 
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energy contributions from two separate identified acoustic 
volumes (that is the urban street and the balcony) ; and.  
4. This research compiles the largest range of geometric and 
acoustic parameters in assessing the effects of road traffi c 
noise on numerous balcony types and consequently develops 
the most comprehensive set of design information available 
to date to acoustic professionals.  
To the knowledge of the author, this is the first time research into 
balcony acoustic treatments has combined speech interference as an 
indicator of the benefits of balcony acoustic treatments.  
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CHAPTER 4 METHODOLOGY 
This chapter outlines the methodology for all parts of the research and  is 
divided into seven sections, as follows. 
 Theoretical and Computer Model  which presents the 
development and assumptions made for the combined direct, 
specular reflection and diffuse reflection model. It describes the 
construction of the computer model which implements the 
theoretical model and its various assumptions. 
 Sound Power Measurements methodology, which forms the basis 
of the results presented in Chapter 5.  
 Sound Pressure Level Spatial Distribution  which presents the 
methodology to assess spatial variability results presented in 
Chapter 6. 
 Speech Interference  theoretical assessment methods outlining the 
methods and assumptions made to produce the results presented in 
Chapter 7. 
 Balcony Measurements  methodology describing the process 
implemented to conduct measurements on an acoustically 
designed balcony shown in the results of Chapter 8. 
 Design Guide Development  assumptions and methods leading 
towards the development of the design guides presented in 
Chapter 9. 
 Final Design Guide  methodology outlining the basis for the 
results contained in Chapter 10.  
4.1 THEORETICAL AND COMPUTER MODEL 
4.1.1 Overview of the Theoretical Model 
In assessing road traffic noise on balcony spaces, the primary focus is on 
the architectural design of the balcony itself, that is, the volume 
immediately surrounding the receiver position. The secondary focus is the 
geometry of the urban environment containing the balcony. The tertiary 
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focus is the characteristic of the source as this determines the character of 
the sound within the balcony space. The theoretical and computer model 
developed for this research follows these focussed priorities.  
This theoretical model includes:  
 a direct path; and 
 a specular reflection path; and 
 a diffuse reflection path. 
The direct path considers geometric spreading, air absorption and barrier 
attenuation from selected barrier planes  such as the balcony parapets and 
ceiling shields. The specular reflection path is capable of calculating up 
to 10 orders of source images, also with losses for geometric spreading , 
air absorption and barrier attenuation. To account for the diffuse path, a 
radiant exchange (radiosity) technique is utilised including losses for 
geometric spreading, air absorption and barrier attenuation . The model is 
designed to calculate the predicted level and arrival time of each 
calculated path from a point source.  Road traffic noise levels can be 
simulated by combining the results from a series of point sources.  
4.1.1.1 Comparisons with Commercial Software 
There is no available commercial software package that will exactly 
perform the calculation algorithms or provide the result data formats 
required for this research. Table 4.1 presents a summary of the major 
acoustic commercial software packages related to architectural acoustics.  
It is observed that (i) most do not include barrier diffraction which is 
necessary for the balcony parapet, and (ii) those that include radiosity do 
not have the ability of two compartments  and the efficiencies this 
provides in terms of being able to identify the origin of the diffuse 
energy. This research is creating its own purpose designed computer 
model to perform the calculations to accommodate these two issues, and 
also develop a source/path/receiver code so that the results may be 
investigated for the origins and reflection paths of a particular acoustic 
pulse at the receiver. The computer model is developed in visual basic in 
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Microsoft Excel. This is necessary to develop the design guidelines.  
Table 4.1: Comparisons with key related acoustic commercial 
software and the theoretical model of this research 
Software 
D
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Raynoise (LMS International 2009)   (a)  (a)  (b)  
Ease (ADA 2009)   (a) -  (a),(b) - 
Odeon (Bruel & Kjaer 2009)   (a)  (b)  (a),(b) - 
Ulysses (IFB Consulting 2009)   (c) -  (a),(b) - 
Ramsete (LAE Group 2009)   (d)   (a),(b)  
This research   (b)  (c)  (b),(c)  
Specular Reflection Paths 
(a) Ray Tracing Image Source method  
(b) Ray Tracing Image Source method (10 orders)  
(c) Ray Tracing Image Source method (40 orders) 
(d) Pyramid Ray Tracing 
 
Scattering Paths 
(a) Multiple order diffuse reflections through random based ray tracing scheme (LMS 
International 2009) 
(b) Hybrid method of ray tracing and radiosity 
(c) Radiosity – two compartment method 
 
Speech Intelligibility 
(a) ALcons 
(b) STI 
(c) SIL 
4.1.2 Details of the Theoretical Model 
The primary purpose of the theoretical and ensuing computer model 
developed for this study is to establish a fast but robust platform to 
perform comparative analysis of a large number of geometric and 
acoustic scenarios. A comparative analysis does not need to simulate real 
life measureable sound pressure levels; however, this research partially 
achieves this by using actual road traffic sound power levels.  
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The model is constructed by a series of planes to simulate a typical street 
canyon, with a balcony located near the centre of a long building façade, 
as indicated in Figure 4.1(a) and (b). It shows a typical street with 
building facades on both sides with open space at each end and above the 
street. The figure indicates the location of a line of point sources along 
the axis of the street.  
 
Figure 4.1: Conceptual view of the model and its planes, (a) overall 
street canyon, (b) detailed balcony view. 
All planes can be adjusted to simulate different absorption coefficients  
() and scattering coefficients (), where it is assumed that each plane 
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has constant properties across the entire area.  Here, the diffusion 
coefficient denotes the percentage of incident energy that is non -
specularly reflected and does not represent the quality of the diffuse 
energy. Some planes are defined as barrier planes, which are used to 
calculate the attenuation provided by edge diffraction. The balcony floor, 
parapets (front and sides) and ceiling shields (front and sides) constitute 
barriers, which are used to calculate the attenuation provided by edge 
diffraction. A description of the planes, their characteristics and their  
locations is provided in Figure 4.1(a) and (b) and Table 4.2. 
A single balcony is located at the centre of the street, which is shown in 
more detail in Figure 4.1(b) and shows the balcony and the geometric 
planes which construct its shape.  Table 4.2 lists the naming convention 
used for each plane. 
Table 4.2: A description of planes included in the model and their 
geometrical variability. 
Plane Description Barrier Possible Adjustments 
Ground (Street) No Width and Length 
Façade (Balcony) No Height above Floor 
Floor (Balcony) No Height above ground, width and length 
Ceiling (Balcony) No Height above Floor and angle . 
Parapet – Right Side Yes Height above Floor 
Parapet – Left Side Yes Height above Floor 
Parapet - Front Yes Height above Floor 
Ceiling Shield – Front Yes Height below Ceiling 
Ceiling Shield – Right Yes Height below Ceiling 
Ceiling Shield – Left Yes Height below Ceiling 
Balcony Building Façade No Height above Ground 
Opposite Buildings No Height above Ground 
 
This theoretical model includes a direct path, a specular reflect ion path; 
and a diffuse reflection path. The direct path considers geometric 
spreading, air absorption and barrier attenuation from selected barrier 
planes such as the balcony parapets and ceiling shields.  The specular 
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reflection path is capable of calculating up to 10 orders  of source images, 
and like the direct path it includes losses for geometric spreading, air 
absorption and barrier attenuation.  To account for diffuse energy, the 
radiosity technique is utilised.  Two radiosity compartments are created as 
indicated in Figure 4.2. The first radiosity compartment is the urban 
street, represented as a street with building facades on either side 
(indicated in more detail by Figure 4.1(a) minus the balcony). The second 
radiosity compartment is the balcony space (indicated in more detail by  
Figure 4.1(b)). Like the direct and specular reflection paths, the diffuse 
reflection paths are also subject to air absorption and diffraction 
attenuation. To the knowledge of the author, this is the first study to 
consider separate volumes or compartments where diffuse effects are 
calculated in order to identify the origin of the diffuse energy.  
 
Figure 4.2: A cross section of the model indicating the two 
radiosity compartments. The location of a point source is also seen 
just above the ground (street) plane. 
The model is designed to calculate the predicted level and arrival time of 
each calculated path from a point source. The arrival time of each source 
pulse is used to calculate the time-varying sound pressure level received 
so that generalised acoustic parameters and statistics may be determined.  
Any number of point sources may be modelled within the street at a time 
so that road traffic noise levels may be simulated by combining the 
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results from a series of point sources.  
Receivers can be placed at any location in the model, but the main focus 
in this research is receivers located within Radiosity Compartment 2.  
The model is incoherent and designed to calculate sound pressure levels 
in 1/3 octave bands. The interference effects from phase and inversions 
due to reflections are an important consideration particularly for low 
frequencies; however as the focus of this study is within the speech 
frequency range, these effects are ignored in order to simplify the 
calculations. All direct, specular and diffuse paths are calculated entirely 
in logarithmic form and the assumption made that intensity and SPL a re 
equivalent. Although the computer model is designed to calculate in 
logarithmic form; the detailed theoretical equations included in the 
computer model are presented below in non-logarithmic form for easier 
presentation.  
The model only considers a predefined set of possible specular reflections 
in order to improve calculation speed for the circumstances of road traffic 
noise and a residential balcony as many possible paths are unlikely to 
occur or their contributions are likely to be negligible. Figure 4.3(a) 
shows the three possible first order specular reflections when considering 
a balcony in a street canyon and Figure 4.3(b) and (c) show some of the 
predefined 2
nd
 order to 10
th
 order specular reflections arriving at the 
balcony receiver from street planes and balcony planes respectively. Most 
of these paths are presented in Figure 4.3, where those that are not shown 
are generally multiple orders of the same path or paths which simulate 
flutter reflections between the balcony ceiling and floor. Planes 
considered for reflection were the Ground, Façade (Balcony and Balcony 
Building), Floor, Ceiling and Opposite Buildings.  
  
 
122 
 
Figure 4.3: Possible specular reflection paths (a) first order, (b) 2
nd
 
to 10
th
 order arriving from street surfaces, (c) 2
nd
 to 10
th
 order 
arriving from balcony surfaces. 
The radiosity method employed is described in more detail elsewhere  
(Lewers 1993; Kang 2007)
 
however in summary, the radiosity technique 
utilises radiation heat transfer techniques by considering an exchange of 
diffuse energy from radiating planes. Each plane is divided into a number 
of smaller patches, where each small patch provides diffuse energy to the 
receiver. Two radiosity compartments are used as indicated in Figure 4.2 
but the method of calculation for each compartment is the same.  
Like the specular reflection module, specific paths for diffuse reflection 
are only calculated to reduce unnecessary calculation time. The two 
Source Receiver
(a)
(b)
(c)
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compartment radiosity feature assists in this process in that it is assumed 
there is negligible diffuse energy interaction between the internal 
surfaces of a balcony with the surfaces of the street and conversely with 
the street and balcony surfaces.  
Figure 4.4 demonstrates two radiosity compartments by distinguishing 
between the patches from each compartment, the first radiosity 
compartment being the urban street and the second radiosity compartment 
being the balcony space. Two radiosity compartments are defined so that 
the calculated results could be separated into the contributions to balcony 
receiver SPL from the two distinctly different spaces. Figure 4.4 also 
shows the ability of the model to distinguish the path of an arriving sound 
pulse with the category defined as the Pulse Type (PT). There are six 
pulse types calculated in the model and their relative paths are shown in 
Figure 4.4. Pulse types PT1 and PT2 relate to the direct paths and 
specular reflection paths, respectively. PT3 and PT4 are respectively the 
1
st
 order and 2
nd
 order diffuse paths from the street radiosity compartment 
(the street). Similarly, the 1
st
 order and 2
nd
 order diffuse paths from the 
balcony radiosity compartment are defined as PT5 and PT6, respectively.  
This model is designed to calculate either a single point source or 
multiple point sources along the length of a street. Each successfully 
arriving pulse is placed into a database for post analysis. Both the level 
and the arrival time are stored. In addition, to simulate a passing vehicle 
at a certain speed, the actual arrival time from a moving vehicle can also 
be determined. From the results database, both the impulse response 
(from which reverberation time parameters may be calculated, for 
example, EDT and RT60) and the time history parameters such as L max, 
Leq and L10 (and other statistics) can be determined. 
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Figure 4.4: Radiosity compartments 1 (street) and 2 (balcony) and 
example patches on each reflection surface with pulse types and 
potential paths for direct, specular and 1
st
 and 2
nd
 order diffusion 
Calm meteorological conditions are modelled in all cases, not allowing 
for the effects of wind velocity and direction, or changing temperature 
and humidity. It would be expected that speech transmission would 
decrease with increasing wind velocity as ambient noise levels will be 
raised due to additional air turbulence. The actual SPL increase in road 
traffic noise on a balcony in a street canyon when wind direction vector 
is source towards receiver is ignored, although it would be an important 
factor to consider during any measurements. Likewise, the effect of wind 
velocity and direction on street reverberation times is neglected in this 
research. 
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4.1.2.1 Direct Path 
The direct path intensity, Id, is calculated using Eq. 20, which includes 
losses due to air absorption, , and any possible barrier attenuation, . In 
Eq. 20 , e is an individual point source and dT is the total distance from 
source to receiver.  
 𝐼   
  
    
  
       (20) 
Barrier attenuation is calculated with Eq. 21 using the methodology in 
ISO9613-2:1996 (International Standards Organisation 1996) . Only single 
diffraction is considered (that is, C3 = 1) and Kmet is ignored due to close 
proximity of the barriers to the receiver. As specular reflections are 
considered from the ground plane in the specular reflection module, the 
constant C2 is equal to 40. The path difference, , is calculated for each 
potential barrier plane with the highest possible path difference used to 
calculate dB, which is the logarithmic form of . As the computer model 
calculates in logarithmic form, there is no need to convert the barrier 
attenuation into the amount of sound pressure reduced in Pascal units. 
The model does not consider multiple barrier effects. Air absorption is 
calculated using the methodology in ISO9613-1:1993 (International 
Standards Organisation 1993). 
                
  
 
               (21) 
4.1.2.2 Specular reflection path 
The specular path intensity, Is, is calculated with Eq. 22, which accounts 
for up to 10 consecutive and different reflection planes. The subscript, a, 
refers to reflection plane, a. 
 𝐼   
  
    
  
          𝛼  𝜁    
  
   
   (22) 
4.1.2.3 Diffuse reflection path 
There are two orders of radiosity considered  in this work. The number of 
diffuse reflection orders is limited to two because the amount of energy 
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contribution to overall levels is negligible from higher orders. The 
limitation to two orders significantly improves computer model 
calculation times, whilst simultaneously providing a sufficient number of 
pulses to appropriately calculate the RT60 reverberation time. This would 
not be true for a room or smaller volume space; however, a street canyon 
provides considerable mean free path which increases arri val time and 
reduces arriving pulse intensity. The first order calculates the diffuse 
energy intensity, I1, at a receiver point due to a single diffuse reflection 
from a patch. Eq. 23 calculates the sound power of a plane patch, Wp, 
from the direct path intensity from the road source, e, to patch, p, and 
multiplying the surface area of the patch, Ap, and the diffusion coefficient 
of the patch, ζp. In Eq. 23, dep is the distance from the road source to the 
centroid of the patch and ep is any diffraction attenuation between the 
source, e, and the patch, p. Eq. 24 then calculates I1 by assuming the 
patch area is sufficiently small and far enough from the receiver to 
simulate a point source. In Eq. 24, dpr is the distance from the centroid of 
the patch to the receiver and pr is any diffraction attenuation between 
patch, p, and the receiver, r. 
      
  
     
  
          𝜁    (23) 
 𝐼   
  
     
  
          (24) 
 
The second order of radiosity calculates the diffuse energy intensity, I2, 
at a receiver due to a double diffuse reflection that is, from a road source, 
e, to patch, i, to another patch not in the same plane, j, and then to a 
receiver, r. Eq. 25 indicates the process, where Wpi is calculated using an 
identical version of Eq. 23. When considering second order diffuse 
reflections, to account for the amount of diffuse energy radiating from a 
source plane to a receiver plane the form factor, FF, is calculated. This 
model uses the Nusselt method (Kang 2007), which is the ratio of the area 
projected from the receiver plane onto the base of a unit hemisphere 
located on the centroid of the source plane. In Eq. 25, ‘jr’ denotes the 
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path from patch, j, to receiver, r, and subscript ‘ ij’ denotes the path from 
patch, i, to patch, j, and vice versa. Diffraction attenuation between 
patch, j, and the receiver, if any, is denoted as  jr. 
 𝐼   
         
          𝜁 
     
  
          (25) 
4.1.2.4 Combined paths 
Finally, the total intensity at the receiver is the sum of all arriving pulses 
as per Eq. 26, which is calculated for each 1/3 octave band from 20Hz to 
20kHz and in turn the SIL and other parameters are calculated as 
required. Each arriving pulse is recorded into a database along with its 
arrival time. Overall results are obtained by post analysing the pulse 
arrival database for example, statistical and energy based parameters, 
speech interference indicators and reverberation times such as the 
generation of an impulse response.  
 
𝐼       𝐼   𝐼   𝐼 
      
  𝐼 
      
  𝐼 
       
  𝐼 
       
 
(26) 
4.1.3 Model Validation 
The theoretical and computer model has been validated against 1000Hz 
reverberation time and SPL measurement data extracted from Tables 1 
and 2 published by Picaut et al (Picaut et al. 2005) from their full scale 
measurement investigation on reverberation time and sound pressure level 
variance within a narrow street canyon. The computer model was set up 
to simulate actual conditions of a street 7.9m wide, 18m high and more 
than 200m long. In the computer model a source with a reference sound 
power level of 100dB per 1/3 octave band was placed on the central axis 
of the street, 0.52m above the pavement at one open end of the street. A 
total of 207 receivers in the computer model are established at the same 
measurement locations made up of 9 points (3 × 3 matrix) at each 23 
distance locations (6m to 50m) along the street. For this validation, the 
balcony compartment was omitted. Absorption coefficients were set to 
0.01 and 0.05 for the street and building surfaces resp ectively and 
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diffusion coefficients were set to 0.25 and 0.5 for the street and building 
surfaces respectively in order to provide a reasonable correlation with 
observations. Photographs of the street, where measurements were taken, 
indicate a very diffuse surface for the buildings particularly when 
considering the wavelength of the 1000Hz third octave band centre 
frequency. The street surface was made of large cobblestones and was 
distinctly more irregular than an asphalt road surface. Atmospheric 
absorption was included in the computer model calculations as it was 
included in the measurement data, however, the actual meteorological 
conditions during the measurements were not stated by Picaut et al 
(Picaut et al. 2005). Consequently, for an improved fit to the 
measurement data, the computer model assumed a temperature of 10 C, 
atmospheric pressure of 110kPa and relative humidity of 30%. The m odel 
is unable to account for wind velocity; therefore no analysis on the effect 
of wind could be performed.  
The arithmetic average of the 9 (3 × 3 matrix) predicted and measured 
data points at each distance along the street is shown in  Figure 4.5. 
Figure 4.5(a) shows the normalised level difference, as the sound power 
level of the pistol used in the measurements is not known. The figure 
demonstrates very good agreement, with an average difference between 
measured and predicted of 1.4dB. Figure 4.5(b) compares the average 
measured and predicted RT60 and demonstrates overall good agreement 
with the average difference being 0.096s. It is observed that the RT 60 
differs significantly at distances closer than 10m; however, it is suspected 
that the measurements included strong reflections from beyond the open 
end of the street, which the computer model did not simulate (assumes 
end of street α = 1). The level of agreement is also notable when 
considering that an incoherent computer model is applied to a narrow 
street with a high level of diffusion  in the 1000Hz 1/3 octave band. 
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Figure 4.5: Comparison of average measured and predicted (a) 
SPL, (b) RT60. Measured data averaged from Table 1 and Table 2 
in Picaut et al (2005). 
4.2 SOUND POWER MEASUREMENTS 
4.2.1 Introduction 
In Queensland, as with most other Australian states, road traffic noise has 
been calculated using the CoRTN (Department of Transport Welsh Office 
1988) methodology. There are numerous road traffic noise calculation 
methods available internationally, the most recent being the development 
of the ‘Harmonoise’ method for optional use in the European Union (EU).  
The Harmonoise method is significantly more complicated than the 
CoRTN method and consequently requires significantly more detailed 
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input data than CoRTN to produce a calculation.  The Harmonoise method 
is similar in concept to the Nordic prediction method by the separation of 
the source strength and the propagation calculation (Jonasson 2006, 
2007). 
Fundamental to all road traffic noise calculation methods is the 
representation of the road traffic noise source strength.  In CoRTN, the 
road traffic noise source strength is embedded into the ‘basic noise level’ 
and its consequent corrections for speed, % commercial vehicles, road 
gradient and pavement surface.  The source strength in CoRTN is an  
overall dB(A) level. In Harmonoise, the source strength is divided into 
rolling and propulsion source sound power levels, the sum of the two 
being the overall sound power of the particular vehicle type at a specified 
speed, acceleration rate, road gradient, pavement surface type, pavement 
surface temperature (using air temperature) and road wetness.  The source 
strength in Harmonoise is in 1/3 octave bands from 25Hz to 10kHz. 
4.2.2 Measurement Procedures 
This research relies on the measured sound power levels of Queensland 
vehicles in order to complete part of the research aims. The sound power 
of individual vehicles in-situ traffic is measured generally following the 
method in Nordtest Method 109 (Nordtest 2001). Figure 4.6 shows the 
schematic measurement layout for each site.  The investigators and 
instruments are positioned in a stationary vehicle at a satisfactorily safe 
distance from the nearest carriageway.  A B&K Pulse instrumentation 
system is used to conduct the measurements, via connection with a laptop 
and operated with a spreadsheet. The system is calibrated before and after 
each measurement session.  
Three microphones are placed at 0.2m, 1.5m and 4.0m above the 
pavement surface (see Figure 4.7). The 1.5m microphone height data is 
not included in this thesis as comparisons are only made with European 
data. 
The Leq  and Lmax in 1/3
 
octave bands from 20Hz to 20kHz of an 
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individual vehicle is measured with a known microphone distance and 
recorded directly into a spreadsheet database with details of the vehicle 
classification and speed for each of the different pavement surface types 
investigated. 
The measured Leq from both the 0.2m and 4.0m microphones is 
normalised to a Sound Exposure Level (SEL) at 10 m (L E,10m) and 
converted to Lw using published transfer function values C(v) (Jonasson 
and Storeheier 2001) with speed correction (Lw = LE,10m + C(v)). The 
final Lw for each 1/3 octave band is the highest Lw out of the 0.2m and 
4.0m microphones.  
Vehicle speed is measured with a laser type speed gun and measured at 
the vehicle as it passes the microphone locations. In most sites, two pass -
by lanes are included in the database, except for one site that included a 
third lane. The measured Lw results are compared with the reference 
pavements from the Harmonoise (Harmonoise 2005) database of Lw 
values. 
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Figure 4.6: Schematic instrumentation and measurement 
arrangement 
 
 
Figure 4.7: Typical field measurement microphone arrangements 
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While recording the measurements, vehicles are initially classified 
according to AS2702 (1984) vehicle classifications.  These classifications 
are correlated with corresponding categories for Harmonoise (2005), 
TNM (FHWA 1998), CoRTN (Department of Transport Welsh Office 
1988) and the Austroads 12 bin classification system (Austroads 2006). In 
this research only the Harmonoise classifications are used to analyse 
results, and more specifically only the major classifications of; Category 
1 = Light (for example cars); Category 2 = Medium (for example trucks 
or buses); and Category 3 = Heavy ( for example trucks and buses). The 
vehicle speed is recorded in integers and consequently placed in bins of 
5km/hr span for example, 97km/hr falls into the 95km/hr bin (spans 92.5 
to 97.5km/hr). Pavement surface temperature is also measured with a 
laser pointed temperature meter at regular intervals during the 
measurements. 
4.2.3 Measurement Sites and Samples 
The measurement sites are all flat grade roads with speed limits ranging 
from 60km/hr to 110km/hr. The pavement surface types are dense graded 
asphalt (DGA), bituminous seal  (chip seal – CS), stone mastic asphalt 
(SMA), open graded asphalt (OGA) and transversely tyned Portland 
cement concrete (PCC). In total, nine measurement sites are included in 
the database, and their approximate locations around South -east 
Queensland are shown in Figure 4.8. This study did not obtained detailed 
information on the condition of the pavement surfaces such as core 
samples or maintenance histories of the pavements.  It has focused on 
obtaining establishment of the method and initial comparisons between 
pavements and the databases already established in Europe.  The number 
of vehicles measured at each site is presented in Table 4.3. 
In total, the database comprises of 2241 vehicles (71% Category 1, 8% 
Category 2, and 20% Category 3). The DGA pavement surfaces 
contributed to 38% of the sample followed by 23% (CS), 18% (SMA), 
12% (OGA) and 10% for PCC. 
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Figure 4.8: Measurement locations surrounding Brisbane 
Table 4.3: Sample size for each measurement site 
Pavement 
Surface  
Site 
Name 
Sample Size (number of vehicles) 
  
Category 1 
(Cars) 
Category 2 
(Light Trucks) 
Category 3 
(Heavy Trucks) 
Total 
DGA DGA_1 237 32 110 379 
 DGA_2 21 10 111 142 
 DGA_3 246 22 14 282 
 DGA_4 17 35   52 
OGA OGA_1 197 18 47 262 
PCC PCC_1 170 6 38 214 
CS CS_1 236 17 40 293 
 CS_2 201 11 12 224 
SMA SMA_1 273 34 86 393 
 Total 1598 185 458 2241 
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4.3 SOUND PRESSURE LEVEL SPATIAL DISTRIBUTION 
METHODS 
This section presents the method to establish some preliminary results of 
road traffic noise prediction on residential balconies using the theoretical 
and computer model described in Section 4.1.  
Predictions are made to a grid of receiver points created across the 
middle of the balcony. The grid is 121 points in total (11 × 11) points and 
its arrangement is indicated in Figure 4.9. The coordinates are generally a 
uniform distance apart except near the planes of the balcony. Some of the 
results in Chapter 6 are presented according to their receiver code, for 
example z0, z1, z2...z10 etc.  
 
Figure 4.9: Receiver grid along the centre cross section of the 
balcony. 
The geometry of the street and the position of the balcony is fixed, only 
the balcony configuration being changed. The urban street modelled is 
represented in Figure 4.10. The street is 40m wide with 5m high buildings 
on either side. A single balcony is located on one of the buildings at a 
height of 2m above the flat ground plane. The height of the balcony is 3m 
and its depth is 2m which is a typical usable balcony for a residential 
purpose. A single point source is located in the geometric centre of the 
ground plane, at a height of 0.5m above its surface. This is a source 
z0
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height typically found in traditional road traffic noise calculation 
methods such as CoRTN (Department of Transport Welsh Office 1988) . 
Although more modern methods have divided the propulsion and rolli ng 
noises (Harmonoise 2005) and this computer model is capable of using 
multiple point sources, only a single point source is needed for the 
purposes of this study. This study uses sound power level results data 
obtained from the sound power study outlined in Chapter 5 . The sound 
power level adopted for this study is the average sound power level in 1/3 
octave bands of passenger cars travelling on a dense graded asphalt 
pavement at 60km/hr.  
 
Figure 4.10: Geometrical arrangement for this study 
This study places a reference position for future prediction and 
measurement analysis of noise on residential balconies. The reference 
position is 1.0m above the balcony floor surface and 1 .0m away from the 
protruding edge of the balcony floor, as shown in Figure 4.10. The 
position is at the midpoint of the balcony width. Most balconies are 
rectangular or a combination of rectangles ; therefore this location should 
be easy to locate on most balconies. There should be limited difficulties 
in finding the appropriate reference location on curved balconies.  
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4.3.1 Balcony Cases Investigated 
This study investigates three different balcony designs at the same height 
above the ground plane and distance from the source. The cases are 
shown in Figure 4.11. Case A represents a standard balcony which does 
not include any acoustic treatment and is therefore considered the 
reference case in this study. Case B is the same as Case A except it has a 
1.0m high parapet and an absorptive lining on the ceiling. Case C is 
similar to case B except it also includes 0.5m deep ceiling shield which is 
absorptive, a 5 angled ceiling and a 5 angled parapet.  
 
Figure 4.11: Balcony cases investigated in this study. 
As this study is aimed at producing preliminary results for comparison 
between the assessed balcony cases, an extensive array of different 
absorption and diffusion characteristics is not included. The broadband 
coefficients used are shown in Table 4.4. In terms of absorption, 0.05 is 
low to represent highly reflective surfaces and 0.50 to represents 
practical in field absorptive material. In terms of diffusion, 0.05 is low, 
and represents a flat non diffuse surface and 0.15 is mod erately diffuse to 
represent the irregularity of building facades. The most variability in 
acoustic characteristic is the absorption of the balcony ceiling and ceiling 
shields (Case C). Diffusion coefficients are kept constant across all cases. 
The model operates in 1/3 octaves; however for these preliminary results, 
absorption and diffusion coefficients are constant across all frequencies.  
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Table 4.4: Absorption and Diffusion coefficients used in the study 
for balcony Cases, A, B and C. 
 Absorption Diffusion 
Case A B C A B C 
Ground 0.05 0.05 0.05 0.05 0.05 0.05 
Façade 0.05 0.05 0.05 0.15 0.15 0.15 
Balcony Floor 0.05 0.05 0.05 0.05 0.05 0.05 
Balcony Ceiling 0.05 0.50 0.50 0.05 0.05 0.05 
Balcony Parapets 0.05 0.05 0.05 0.05 0.05 0.05 
Ceiling Shields 0.05 0.05 0.50 0.05 0.05 0.05 
Opposite Buildings 0.05 0.05 0.05 0.15 0.15 0.15 
       
 
4.4 SPEECH INTERFERENCE METHODS 
A review of the literature indicates that speech interference or 
transmission on residential balconies subject to road traffic noise has not 
been deliberately studied and consequently it is necessary to enhance the 
knowledge into this topic. In assessing a larger number of configurations, 
it becomes possible to comprehensively compare the effects of different 
configurations on speech interference or transmission. An investigation 
into speech interference or transmission on a residential balcony needs to 
quantify two main variables, (i) interfering noise levels or signal to noise 
ratio around the speech frequencies, and (ii) reverberation time (RT) at 
the listener’s ear. The theoretical and computer model developed for this 
research is capable of predicting both parameters.  
An early study into urban street acoustics and speech intelligibility was 
based on a measurement exercise conducted in 1965 by Wiener, Malme 
and Gogos (1965) for two street canyons. The emphasis was on speech 
intelligibility for emergency warning purposes where a loudspeaker and 
receiver were both located near street level. Reverberation times over 
most of the speech frequency range was 2.5s to 3.5s, however, subjective 
impressions were that speech intelligibility was not overly affected 
because direct to reverberant ratios were high. Other early key research 
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on street acoustics by Steenackers, Myncke and Cops  (1978) investigated 
reverberation with image sources simulating a moving vehicle in a street 
canyon but only included one source and receiver location relatively 
close to each other. Davies (1978) calculated reverberation with image 
and diffusion sources and demonstrated the need to quantify the energy 
arriving from scattering within the street, particularly when the source 
and receiver are relatively close.  
Recently, most studies have focused on modelling and measuring the 
effects of specular and diffuse reflections on sound pressure levels and 
decay rates because it is known that classical room acoustics theory is not 
appropriate for use in long enclosures or street canyons  (Kang 1996a). 
The range of theoretical models includes both coherent or incoherent 
image sources (Picaut, Simon and Hardy 1999; Iu and Li 2002; Li and 
Lam 2005), and either specular reflection, diffuse reflection or both. 
Several studies have adopted the radiosity technique for calculating 
diffusion in streets (Kang 2002; Kang 2005; Onaga and Rindel 2007) . Iu 
and Li (2002) observed that coherent models are necessary for very 
narrow street canyons with non-diffuse surfaces for both SPL and speech 
transmission index (STI) predictions. However, incoherent models are 
considered appropriate in larger spaces, such as Kang’s study on urban 
squares (Kang 2005), where wavelengths are much smaller than the 
geometrical dimensions of the space and when surfaces have a diffusion 
component. Fundamentally, what was found from all of these studies is 
that the slope of a decay curve in urban streets tends to be non -linear near 
the source and linear far from the source.  The characteristic of the decay 
curve is a combination of image source and diffusion components. A 
number of overall conclusions can be made from the literature, such as; 
(i) increasing street width increases reverberation time; (ii) the image 
sources define the decay curve shape with clear peaks in the response; 
(iii) diffusion sources “fill out” the space in the decay curve between the 
arrival times of image sources; (iv) reverberation time increases with 
increasing source to receiver separation distances along the length or 
width of a street canyon or urban square. The location of the source and 
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receiver is as important as the absorption or diffusion of the street 
surfaces in determining the SPL and reverberation time at the listener’s 
position. 
There are a number of techniques available to quantify the level of speech 
interference or speech transmission between two persons. Some of the 
quickest and simplest methods assess the level of background noise only, 
such as the Speech Interference Level (SIL). The SIL is the arithmetic 
average of the background noise level in octave bands from 500Hz to 
4kHz inclusive. Other methods take into account the signal to noise ratio 
(S/N) and the reverberation time at the listener’s ear, such as the Speech 
Transmission Index (STI) (Steeneken and Houtgast 1980). The Early 
Decay Time (EDT) is known to be a better indicator of perceived 
reverberation time (Bradley, Reich and Norcross 1999) than the 
traditional RT60. Kang (1996a) investigated STI along the length of a 
long enclosure and compared single and multiple sources. Similarly, Li 
and Lam (2005) examined STI along long enclosures and compared 
coherent versus incoherent predictions. In Kang’s study, it was observed 
that an optimum spacing of sources could enhance STI, which confirmed 
the importance of relative location of source and receiver. Both of these 
studies focused on acoustic conditions along the axis of the long 
enclosure whereas this research is focused on SIL and STI observations 
transversely and vertically to the axis of a long street. The consistent use 
of EDT, RT60 and STI in those studies contributed to the decision to 
adopt these parameters for this research.  
The non-stationary (moving) and fluctuating (variable SPL) nature of 
road traffic noise and its relationship with speech interference or 
transmission requires some careful consideration. Lee and Jeon  (2011) 
analysed speech transmission in open spaces with combined noise sources 
of traffic and construction noise and found that speech transmission was 
more affected by intermittent noise from construction than from their 
traffic noise recording. The traffic noise used in their study included 
small fluctuations in SPL. George, Festen and Houtgast  (2008) discussed 
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the combined effects of fluctuating noise and reverberation on speech 
transmission in response to the need to have a fluctuating backgroun d 
noise speech transmission indicator. Their study built upon earlier work 
by Rhebergen, Versfeld and Drechler  (2006) who investigated methods to 
overcome problems of the traditional speech intelligibility methods of 
assuming non-fluctuating background noise. An urban street will contain 
a number of sources, mostly in motion and at relatively low velocity. The 
vehicular traffic itself is highly variable and fluctuating in its overall 
location and quantity and individual source characteristics, for example 
sound power and sound frequency. This means that speech interference or 
transmission on a residential balcony will fluctuate concurrently with the 
fluctuating SPL. In addition, as reverberation time at the receiver depends 
heavily on the location of the source contributing to the masking noise, 
speech interference or transmission depends on source location. Although 
there are some promising indicators in development to assess speech 
intelligibility in fluctuating noise environments, this current research 
analyses the SIL and STI from an impulse point source representing road 
traffic noise at an instance in time. The comparative effect of balcony 
geometry and acoustic treatments on speech interference or transmission 
is of interest and the SIL and STI are sufficient indicators for this 
purpose. 
In all scenarios investigated, the modelled street widths are greater than 
25m and varying degrees of diffuse walls are modelled. Consequently, an 
incoherent energy based model using image sources for specular 
reflection and the radiosity technique for diffusion is deemed appropriate 
based on the conclusions made by the earlier research described above. 
The focus for this study is to assess the acoustic effect of various street 
and balcony geometries and acoustic configurations in the presence of 
road traffic noise. The receiver is a seated person at the geometri c centre 
of a balcony and the SIL and STI are investigated.  
The model outputs are derived from a database of each successfully 
arriving 1/3 octave band sound pulse. From this database, it is possible to 
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calculate the total sum of intensity at the receiver location and also 
produce the impulse decay curve based on the arrival time of each pulse. 
Prediction of reverberation times uses Schroeder’s  (1965) method, using 
the reverse time integral of the calculated decay response and 
consequently the EDT and RT60 are determined. The SIL is calculated 
from the SPL results, and the STI is calculated using both SPL and EDT 
or RT60. Each scenario is assigned an individual case number to ensure 
specific identification of results.  
The calculation scenarios considered variables that can be categor ised 
into (a) street configurations, (b) balcony configurations, and (c) source 
configurations. There are a large number of geometric and acoustic 
configurations that could have been assessed, yet the configurations 
selected for assessment are specifically designed to support the aims of 
the research. 
4.4.1 Street Configuration 
The variables which are adjusted in the street domain are; (1) distance 
from balcony façade to source, (2) balcony height above street, and (3) 
height of opposite buildings. More scenarios are located close to the 
source than at far distances in order to reduce the number of calculated 
positions. Geometric spreading becomes less significant when the 
receiver is further from the source; hence, a sparser grid of receiver 
locations is acceptable. The distance between the balcony façade and the 
sources is set to 5m, 10m, 20m, 40m or 100m. The height of the balcony  
floor above street level is set to 3m, 6m, 15m, 30m, 45m, 60m or 90m. As 
the highest balcony modelled is 90m, two opposite building heights are 
selected to guarantee either no reflection (0m) or a first order specular 
reflection (45m) from opposite buildings. Sources are located at x = 0, y 
= 0 (z = variable) and receivers are at locations noted as per the scenario 
configuration under investigation. These combinations are combined to 
form 70 different street geometry scenarios. Figure 4.12 presents the 
street geometry combinations in scale. Absorption and diffusion 
coefficients of the street space surfaces are constant across all 1/3 octave 
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bands for all scenarios. This is done because the aim is to observe overall 
differences due to balcony configurations rather than attempt to assess 
changes in the streets’ acoustic characteristics; however, that would be a 
useful future study. Absorption coefficients are set to 0.05 for opposite 
buildings, street and balcony façade in order to simula te highly reflective 
surfaces such as concrete. A large diffusion coefficient is placed on the 
walls of the street canyon, slightly larger than reported from other studies  
(Onaga and Rindel 2007) because most streets are likely to contain many 
surface irregularities, such a balconies on surrounding buildings that the 
simple geometric planes in the computer model are not able to simulate. 
Also, buildings that have varying setbacks from the street and also have 
different façade structures will signi ficantly add to the level of diffusion 
energy. To simulate large geometric irregularities in the street canyon, 
diffusion coefficients are 0.45 for opposite buildings and balcony façade. 
Diffusion coefficients are set to 0.05 for the street (ground plane) as the 
street surface is relatively flat in most circumstances.  
 
Figure 4.12: Street dimensions and balcony receiver locations grid. 
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4.4.2 Balcony Configuration 
The primary focus of this study is to compare a number of different 
balcony geometric and acoustic configurations. A total of 9 different 
balcony types are established for assessment and these are presented 
figuratively in Figure 4.13. Type 1 is a balcony without a ceiling, which 
will be rare but it is included specifically to compare against Type 2 
which is similar but has a ceiling. In most situations, Type 2 will 
represent a ‘base case’ as it will be the most common form of non -
acoustic balcony. The remaining Types 3 to 9 inclusive a re various 
combinations of 1.0m high parapet, 0.5m high ceiling shields and 
acoustic absorption placed on the ceiling and for Type 9, also on the rear 
of ceiling shield. Type 9 represents the highest rated acoustic balcony 
configuration assessed in this study. An absorption coefficient of 0.75 is 
set as a constant for all absorptive surfaces within the balcony space, and 
0.05 for all reflective surfaces. Diffusion coefficients are all set to a 
constant 0.05 for surfaces within the balcony space. A 1.0m high  solid 
parapet is adopted as this is typically the lowest parapet height acceptable 
due to balcony safety standards. The ceiling shield height of 0.5m is 
selected as it is considered that a greater height would not be considered 
practical and less height is unlikely to demonstrate a significant acoustic 
benefit. 
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Figure 4.13: Balcony geometric and acoustic configurations. All 
parapets 1.0m high. All ceiling shields 0.5m high. All balconies 
3.0m high and 2.0m deep. Absorption on Types 4, 5, 7 and 9. 
It is assumed that most conversations taking place on a balcony will be 
conducted in a seated position. Data on the average ear height of seated 
person was not readily available, thus it is assumed that the ear heig ht 
and eye height are equivalent. The average eye height of a seated person 
is determined through analysis of standard architectural  (Baiche and 
Walliman 2000) and ergonomic data (Dul and Weerdmeester 2008). The 
sitting eye height (top of seat to eye level) data is based on British and 
US men and women. After comparison, it is found that the 5
th
 percentile 
Type 1 Type 2 Type 3
Type 4 Type 5 Type 6
Type 7 Type 8 Type 9
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(P5) was 685mm, the average 770mm and the 95
th
 percentile (P95) is 
860mm; a range of 175mm. The average seat height for balcony furniture 
is found to be approximately 406mm (16inches). Taking the average ear 
height and average seat height together, it is observed that the average 
floor to ear height is 1176mm. For simplicity, thi s is rounded upwards to 
1.2m. All receiver calculations in this study are at 1.2m above the 
balcony floor level and located horizontally at the geometric centre of the 
balcony. 
The importance of a reference position has been demonstrated previously 
(May 1979; Tzekakis 1983; Hothersall, Horoshenkov and Mercy 1996; 
Naish, Tan and Demirbilek 2010, 2012b). In this study a reference 
position is located at 1.2m above the balcony floor to correspond with the 
average seated ear level receiver position and 1.0m street side of the 
leading edge of the balcony floor. The purpose of the reference position 
is to better determine the acoustic effect of the balcony configuration 
under assessment, and it is anticipated that this posi tion will be used for 
any future compliance testing. Figure 4.14 shows the locations of the 
balcony receiver and the reference position used for each calculation 
scenario. 
Regarding the calculation of STI (refer to Section 2.3.4) on the balcony, 
the SPL of the speech signal is based on normal voice levels at a 1.0m 
speaker to listener distance which is appropriate for residential balcony 
conversations. The speech signal SPL’s were 51.2dB, 57.2dB, 59.8dB, 
53.5dB, 48.8dB, 43.8dB, and 38.6dB in 1/1 octave bands from 125Hz to 
8kHz as per the ‘normal’ voice levels in Table 2.13. Assuming ideal 
conditions where the speaker is facing the listener, d irectivity of the 
speaker is not modelled as the nominated speech sound pressure level is 
assumed to include these factors.  
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Figure 4.14: Balcony dimensions, balcony receiver and reference 
receiver locations for all scenarios. 
4.4.3 Source Configuration 
A single passenger car travelling at 60 km/hr on a dense graded asphalt 
pavement surface is modelled as the source. The average 1/3 octave band 
sound power level spectrum for this vehicle type, speed and pavement 
surface is obtained from another study conducted by the author (Naish 
2010b) (refer to Chapter 5). In that study the sound power of individual 
vehicles in-situ traffic was measured generally following the method in 
Nordtest Method 109 (Nordtest 2001). Figure 4.15(a) shows the 
measurement layout for each site.  
In this research, to better simulate road traffic noise the total vehicle L w 
is separated into two point sources, propulsion noise at 0.3m above the 
pavement and rolling noise at 0.01m above the pavement to be in 
accordance with recent road traffic noise prediction methods in Europe  
(Jonasson 2007). The rolling, propulsion and total 1/3 octave band sound 
power level spectrum used is shown in Figure 4.15(b). Both rolling and 
propulsion noise sources are included in all scenario calculations. All 
sources in this study are modelled as an impulse point representing a 
single vehicle type, speed, pavement surface type and road gradient 
directly in front of the balcony. This is appropriate as the purpose is to 
determine the relative trends in SIL and STI. Selection of a different 
source type, such as a truck or a different speed would change the sound 
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power level and spectrum character, however this change would be 
applied consistently for all street and balcony scenarios and thus similar 
SIL and STI trends would be largely expected. This study does not 
attempt to predict actual road traffic noise levels, as that would require 
modelling numerous moving point sources across several lanes of traffic 
which introduces both geometric and source sensitivity which need 
consideration (Naish, Tan and Demirbilek 2012b). 
 
Figure 4.15: Measurements of vehicle sound power levels, (a) 
schematic instrumentation and measurement arrangement (Naish 
2010b), (b) sound power level used in this study showing total, 
rolling and propulsion for a passenger car at 60km/hr on a dense 
graded asphalt pavement surface. 
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4.5 BALCONY MEASUREMENTS 
This section presents an investigation conducted to measure the spatial 
distribution of road traffic noise levels within an existing balcony that is 
constructed with acoustic treatments. The existing balcony overlooks an 8 
lane motorway and is adjacent to a conference room on the 10
th
 floor of a 
Queensland University of Technology (QUT) building. The overall 
purpose of this investigation is to assess road traffic noise, particularly 
speech interference, on residential balconies. Although the balcony in 
this current investigation is not residential, the principles are consistent.  
The indicator selected for this study is the Speech Interference Level 
(SIL). The SIL is the arithmetic average of sound pressure levels (L p) in 
octave bands 500Hz, 1kHz, 2kHz and 4kHz. Speech interference is the 
primary assessment indicator as balconies are p laces where conversations 
will occur.  
To achieve the purpose of this study, a number of different aspects are 
presented. Firstly, the spatial variations within the balcony space are 
measured and presented as interpolated contours in several selected 
planes. Secondly, through the use of a theoretical model, spatial 
predictions throughout the balcony are computed. In Chapter 8 the 
calculated values are compared to the measured values along with 
discussion on the results.  
4.5.1 Methodology 
Firstly the measurement site is described in detail. As the study 
methodology incorporates a measurement part and a theoretical part each 
part is separately described in detail below including the method used to 
compare measured and predicted results.  
4.5.1.1 Measurement Site  
The investigation site is located on the 10
th
 floor level of ‘Z’ block 
building at QUT’s Gardens Point campus in Brisbane, Australia. It 
overlooks an 8 lane motorway which is one of the State of Queensland’s 
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most highly trafficked roads. Traffic flow data for the sec tion of 
motorway in front of the balcony was obtained  (Department of Transport 
and Main Roads 2010). In year 2010, the motorway carried approximately 
126,000 vehicles on a weekday and 99,000 on weekends. The number of 
vehicles per hour on a weekday between 8am and 6pm is approximately 
7,829. This equates to nearly 130 vehicles per minute (approximately 2.2 
vehicles per second). As outlined in the next section, all measurements 
are 30s duration, thus the average number of vehicles during a 30 s 
measurement is 65.2 vehicles. 
The width of each lane is 3.0m, with 4 lanes in each direction. Figure 
4.16 shows a recent aerial photo of the whole site, indicating the location 
the subject building, adjacent buildings, and the motorway. The balcony 
looks over the Brisbane River beyond the motorway and consequently 
there are effectively no acoustic reflections from any opposite buildings.  
Figure 4.16 also shows the balcony on the façade and the instrumentation 
and measurement equipment. 
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Figure 4.16: Measurement site location, environment and 
measurement instrumentation. Balcony located at coordinates 
272840.75S, 1530138E. 
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The balcony floor was surveyed to be 25.5m above the surface of the 
motorway, with the building façade being 27.75m from the central axis of 
the motorway (refer to Figure 4.17(a)). The dimensions of the balcony are 
shown in Figure 4.17(b) and (c). The width at the front is 8.2m, depth 
3.6m and height 3.0m. An airlock is situated in one corner however the 
remainder of the balcony does not contain any object. The floor material 
is tiles on concrete slab. The internal wall material to the building and 
adjacent conference room is double glazing. Acoustic absorption is 
constructed on the entire ceiling surface and all non-transparent walls as 
indicated in Figure 4.17(b) and (c). It is not possible to determine the 
exact construction of the absorption panel as partial demolition is not 
permitted, however external examination showed the absorption consisted 
of corrugated sheet metal perforated with 2.5mm diameter holes at a 
spacing of 9.5mm. Thus it is estimated that the perforation rate was 5%. 
It appears that the sheet metal is offset from the outer surface to form a 
cavity of 25mm which is filled with an absorptive material like 
fibreglass. The density of the absorptive material could not be 
determined. 
A Cartesian coordinate system (x, y, z) for the overall site is established; 
the x-axis parallel to the vehicle direction, y-axis perpendicular to the 
vehicle direction and z-axis the elevation. The origin is at the centre 
point on the road surface directly in front of the midpoint of the front of 
the balcony. A local coordinate system  (xb, yb, zb) is established for the 
balcony space, with the origin at the floor level, at the midpoint of the 
junction between the floor and the building façade (refer to Figure 
4.17(b) and (d)). The localised coordinate system for the balcony is 
developed for ease of measurements, and appropriate coordinate 
transformations are made when comparing measurement positions to 
prediction positions.  
4.5.1.2 Measurement method  
A Bruel & Kjaer Pulse Sound and Vibration Analyser Model 3560 B-020 
incorporating Pulse Software 7700 FFT and CPB Analysis, 7708 Time 
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Data Recorder and 7789 Time with five ½ inch microphones (Type 4189) 
is used to perform the measurements. The locations of all 5 microphones 
is shown indicatively in Figure 4.17(d), where 1 microphone is positioned 
outside the balcony to act as reference and the remaining 4 microphones 
positioned in a vertical line within the balcony space. All microphones 
were oriented horizontally facing the road to ensure (i) consistency 
between all measurement points and (ii) establish the best orientation to 
measure direct and specular reflections arriving from the road. The 
reference microphone (M1) is 1.0m away from the front of the balcony 
and 1.2m above the balcony floor to be consistent with earlier studies by 
the author (Naish, Tan and Demirbilek 2013a). The height of 1.2m has 
been selected to represent the average height of a seated person on a 
balcony. The distance of 1.0m is selected for no distinct reasons other 
than (i) it matches some historically recommended measurement 
distances, (ii) this distance is more geometrically representative of the 
balcony location than much further distances, and (iii) a 1.0m 
measurement distance reduces safety risks that may be introduced with 
much further distances. The reference  microphone remained in the same 
location for all measurements, at local balcony coordinates xb = 0, yb = 
4.6m, and zb = 1.2m. 
The height, zb , of the four microphones within the balcony space is 0.6m, 
1.2m, 1.8m and 2.8m as shown in Figure 4.17(d). Microphones M2, M3 
and M4 are equally distributed in 600mm increments, centred on the 
average seated person height of 1.2m. Additionally, it is decided that 
measurements close to the floor are not as important as measuring in the 
vicinity where parapet edge diffraction sensitivity is the highest and 
therefore microphones M2, M3 and M4 locations satisfy this need. The 
ceiling is an important reflection plane when balconies are higher than 
the road and the effect of ceiling shields requires quantification; hence 
microphone location M5 0.2m below the ceiling was selected. 
Microphones M2 to M5 are used to measure at each point in a horizontal 
grid (xb, yb) as shown in Figure 4.17(b). In total there are 89 measurement 
points in the horizontal plane, which equates to 356 measurement points 
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considering all 4 microphone heights. In order to complete this task 
efficiently, the microphones are supported on a specially designed and 
constructed multi-microphone pole (constructed at QUT’s Design 
Laboratory and Workshop). The pole is supported on castors so that 
translation time to a new position within the balcony space is efficient.  
 
Figure 4.17: Site and model geometry, (a) dimensions of the street 
and balcony location, (b) plan view of balcony with relevant 
dimensions and showing microphone locations in horizontal plane, 
(c) section view of balcony with relevant dimensions, and (d) 
section view showing microphone locations designations and 
vertical locations. 
The PULSE instrumentation is linked and controlled via a laptop 
computer and measurements are controlled via Microsoft Excel 
spreadsheet software using visual basic syntax so that each measurement 
is commenced, stopped and stored in a database in a single operation. 
Each measurement consisted of a 30s equivalent continuous sound 
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pressure levels (Leq,meas) in 1/3 octave bands from 20Hz to 20kHz. This 
data allows subsequent calculation of the measured SIL (𝑆𝐼     ). 
4.5.1.3 Theoretical and computer model configuration 
One additional aim of this study is to produce a fast calculation method 
to simulate road traffic noise. Roads with high traffic volumes have 
numerous simultaneously contributing moving noise sources from 
vehicles of many different types, including (i) the propulsion 
components; (ii) the tyre and road interface; and (iii) aerodynamic 
effects. Any attempt to model such a highly complex traffic flow scenario 
will result in very long calculation t imes and thus ensures it is difficult to 
model a larger number of theoretical scenarios. Conversely, a fast 
calculation method that produces acceptable similarities with measured 
levels can be utilised for a larger set of theoretical scenarios. It is the 
diffuse path which adds the most time to the calculation process. To 
establish a fast calculation method, the theoretical model is set to the 
configuration presented in Figure 4.18(a). The motorway below the 
balcony consists of 8 lanes. In each lane, the road traffic noise source is 
modelled as a series of moving point sources 5m apart moving at 70km/hr 
for a distance of 125m in front of the balcony. All point sources calculate 
the direct and specular reflection paths, whereas only those point sources 
directly in front of the balcony are util ised to calculate diffusion. Figure 
4.18(b) demonstrates the conceptual time domain predictions. Direct and 
specular energy increases until the moving point source is directly in 
front of the balcony and sound pressure level (Lp) reaches its maximum, 
afterwards as the source moves away from the balcony L p declines. 
Diffuse energy from numerous simultaneous moving sources in high 
traffic flow conditions is relatively constant, termed here as the ambient 
constant. Thus it is assumed all the diffuse energy from those point 
sources directly in front of the balcony can be summed across all lanes 
and logarithmically averaged across all receivers within the balcony 
space to calculate the ambient constant, 𝑆𝐼    . The total energy being 
the sum of the direct, specular and diffuse energy from either a single 
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vehicle in one lane or multiple vehicles in many lanes can then be quickly 
simulated. 
 
Figure 4.18: Source and path configuration in prediction model, (a) 
conceptual combination method for direct, specular and diffuse 
paths for a balcony receiver; (b) source type location. 
Each moving point source and diffuse source is assigned the same 
average sound power level, Lw, in each 1/3 octave band. In order to 
simulate real traffic noise levels including different vehicle types, 
measured vehicle Lw data is extracted from a previous study conducted by 
the author (Naish 2010b). All individual vehicles are classified into two 
vehicle types, (i) cars, and (ii) trucks. The spread of measured L w data in 
1/3 octave bands from 400Hz to 5kHz for each vehicle type is shown in 
Figure 4.19 with quartile plots along with the arithmetic average for each 
vehicle type, Lw,avg,car and Lw,avg,truck. Utilising the average sound power 
level  for both vehicle types, and assuming a traffic flow composition of 
90% cars and 10% trucks, the overall average sound power level, L w,avg 
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(Figure 4.19(c)) is calculated and implemented in the calculations.  
 
Figure 4.19: Spread of measured sound power levels using quartile 
plots and arithmetic average per vehicle classification (a) cars, (b) 
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trucks and (c) Lw,avg 90% cars, 10% trucks. 
Balcony receivers included in the predictions are only those in a vertical 
cross section in the geometric middle (x b=0) of the space. An 11×11 
receiver point grid is established, with one receiver located at the 
reference position as per the measured reference position. In total, there 
are 122 prediction points per lane, resulting in 976 calculations.  
The Lp due to a theoretical vehicle pass-by result is calculated on the 
balcony receivers for each lane using Lw,avg so that the equivalent 
continuous sound pressure level, Leq, pass-by per lane (Leq, lane,n) result is 
obtained; where n is the lane number from 1 to 8. The L eq,lane,n is 
calculated for each third octave band, and from these results the 𝑆𝐼       
is derived which is a Leq based parameter being the arithmetic average of 
the Leq, lane,n octave bands from 500Hz, 1kHz, 2kHz and 4kHz. 𝑆𝐼      is 
based on a 30 second Leq so it is necessary to convert the predicted eight 
lanes of Leq, lane,n to another overall combined lane SIL parameter, 𝑆𝐼     , 
which represents a 30 second period. To do this in terms of the direct and 
specular paths, the 𝑆𝐼       is converted to the sound exposure level 
(𝑆𝐸      ) using Eq. 27 including the theoretical pass-by time (T i) of 
6.43s (125m / 70km/hr). Then, with approximately 65.2 vehicles in 30s, it 
can be assumed that on average there will be 8.2 vehicles/lane/30s 
(          ). The SEL for each lane based on 30s of vehicle traffic 
(𝑆𝐸          ) can be calculated using Eq. 28. The total SEL (𝑆𝐸          ) 
combining all eight lanes is then calculated (Eq. 29), and then converted 
using Eq. 30 to a predicted 30s SIL, 𝑆𝐼   , where ‘D’ represents the 
direct path and ‘S’ represents the specular path. Finally, the diffuse 
component representing the ambient constant, 𝑆𝐼     is added to calculate 
𝑆𝐼      (Eq. 31) which is then in an appropriate form to be compared to 
𝑆𝐼     . 
 𝑆𝐸       𝑆𝐼               𝑇   (27) 
 𝑆𝐸           𝑆𝐸                           (28) 
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 𝑆𝐸                      
                 
 
   
  (29) 
 𝑆𝐼    𝑆𝐸                   
 
  
  (30) 
 𝑆𝐼                
                          (31) 
 
4.6 DESIGN GUIDE DEVELOPMENT METHODS 
Balcony acoustic treatments can be demonstrated to provide important 
benefits in reducing road traffic noise within the balcony space and 
consequently internally for any adjacent room.  The actual effect on road 
traffic noise is derived from a multitude of variables that can be broadly 
categorised into (a) acoustical and (b) geometrical for two distinct 
propagation volumes being (i) the street space, and (ii) the balcony space.  
This section presents methods to summarise predictive data into user 
friendly guidelines aimed for use by acoustical professionals and 
architects and possible implementation in building design policies for 
environmental noise.  
This section describes important background information on the issues 
encountered when developing balcony acoustic treatment guidelines. A 
preliminary investigation in the use of the theoretical and computer 
model in producing design guides using two balcony types is presented 
for comparison. 
The results are contained in Chapter  9. 
4.6.1 Introduction to Design Guide Development 
Oldham and Mohsen (1979b) postulated that one reason that self-
protecting buildings have not been used more as an option for the 
attenuation of road traffic noise was the absence of information to predict 
the performance of different building forms.  Oldham and Mohsen 
recognised that complex computer programs and software could be 
employed to predict the effect of balcony acoustic treatments, however, 
these are unlikely to be efficiently and economically employed by 
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acoustic professionals working in the development and buildin g design 
industry (Oldham and Mohsen 1980). Thus, they attempted to develop the 
first simple design charts to predict attenuation performance with regard 
to road traffic noise. The point of interest was the attenuation provided at 
the façade, specifically a window located on the façade.  Their analysis 
found poor correlation between sound pressure level (SPL) and path 
difference only. After further analysis they discovered a reasonable 
correlation between the angle within the vertical plane from window to 
source (*), the angle of view within the horizontal plane from window to 
source through the end of the front parapet (*), and the path difference 
() in the vertical plane. Their proposed design charts required knowledge 
of these variables to determine the attenuation for either the L10, LNP or 
TNI road traffic noise indicators.  
 
Figure 4.20: Variables used by Oldham and Mohsen to predict 
attenuation (adapted from Oldham and Mohsen (1980)) 
Oldham and Mohsen (1980) also recognised the importance of ceiling 
reflection which, as they state, was not included in the development of 
their design charts.  A further potential limitation was the use of a typical 
road traffic noise spectrum, which would require an additional step for a 
designer if a situation required a different spectrum, for example a  
different speed, vehicle type composition, pavement surface type or road 
gradient. Although specular reflections from the ground plane and own 
building façade were included, specular reflections from opposite 
buildings and the effects of diffusion from an y surface were not 
modelled. 
 

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In this section, only balcony acoustic treatments are considered, being a 
subset of the wider self-protecting building concept. Regarding balcony 
acoustic treatments, significant advances have been made since the work 
of Oldham and Mohsen. Numerous researchers have advanced the 
knowledge on acoustics surrounding balconies (refer to Chapter 2);  
however a comprehensive design guide appears to remain elusive.  
4.6.2 Preliminary Design Guide Methodology 
An urban street canyon is simulated in a computer model with open ends 
and ceiling. Diffracting edges are included for the balcony floor, parapets 
and ceiling shields. Sources and receivers can be located in any position 
as per the scenario configuration under investigation. Figure 4.21 shows 
the schematic components and coordinate system used in the model.  
 
Figure 4.21: Schematic components in the computer model 
Unless it is a temporal investigation such as RT 60 or EDT, the analysis 
can be devolved into a comparative study by comparing the total energy 
arriving at the receiver. In this manner the sum of energy from direct, 
specular reflection and diffusion paths is conducted. Overestimation may 
occur for individual vehicle passes; however in most high density road 
traffic situations there is more than one vehicle near the balcony at any 
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time. Thus, on a comparative basis, the overall sum of arriving energy 
provides a suitable platform for assessment.  
Possession of a theoretical model in itself is insufficient to develop a 
design guide. Certain assumptions are required in order to limit the 
number of geometrical and acoustical scenarios that are to be calculated.  
This section outlines the assumptions made and the basis of th e decisions 
behind those assumptions. The issues that require consideration are 
geometric sensitivity, temporal sensitivity, source characteristic 
sensitivity, path sensitivity and finally the compliance testing protocols.   
Examples have been provided for demonstration of some issues.  These 
examples have been based on two balcony types as shown in Figure 4.22. 
In each example, the balcony is 3m wide × 2m deep × 3m high. The 
receiver and reference locations were as per Figure 4.27.  
 
Figure 4.22: Balcony types used in examples 
This section concludes with a summary of the assumptions made towards 
completing the design guidelines.  
4.6.2.1 Geometric Sensitivity 
Geometric sensitivity is a term to describe the effects of calculating 
sound propagation from a single point source to single point receiver.  In 
such circumstances, the calculated SPL is extremely sensitive to 
geometry when diffracting edges and reflecting edges are includ ed in the 
path. Pure geometrical situations rarely occur in nature, and are unlikely 
in relation to road traffic noise.  A vehicle has a multitude of sources that 
are spread around the vehicle surface.  Due to specular reflection and 
Type 1 Type 2
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diffusion, direct path vectors constitute a very small number of sound 
pulses arriving at a single receiver.  To overcome geometric sensitivity 
with a combined source-image radiosity model, either a spreading of 
sources or receivers or both are possibilities.  Any of these techniques will 
reduce ‘coincidence’ effects between diffracting edges and street/balcony 
geometry that is akin to the ‘coincidence’ effect in single partition 
transmission loss.  
Oldham and Mohsen (1979b, 1980) appear to have attempted to deal with 
the problems of geometric sensitivity induced by a single source and 
single receiver by taking the average predicted intensity across a window 
surface area. However, if compliance measurements were required for 
balcony acoustic treatments, a single measurement at the façade, balcony 
center and/or reference position will be more practical.  Therefore a 
design guide which predicts at a single receiver position has advantages, 
yet it requires a theoretical computation to distribute source locations to 
reduce problems of geometric sensitivity.  Distributed source locations 
(geometrically and temporally) also better represent actual road traffic 
noise situations.  
Considering the multitude of noise sources surrounding an individual 
vehicle a large number of point sources could be implemented, however 
each additional point source lengthens calculation time.  Also, to be more 
universally understood by acoustic practitioners, it is appropriate to adopt 
concepts from general road traffic noise prediction methodologies suc h as 
Nord2000 (Jonasson 2007). Utilising these widely known methods 
separates passenger vehicles into two point sources. The first places the 
propulsion system at 0.3m height and the second places the tyre pavement 
interface at 0.01m height as shown in Figure 4.23. Although in the same 
location in the horizontal plane, distribution of the sources vertically 
provides improved opportunity to calculate an arriving specular 
reflection. It also is interesting to observe that diffusion from the street 
surface will be higher from propulsion systems due to improved form 
factors in the radiosity path (however this is not analysed further here).  
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Figure 4.23: Individual vehicle sources 
Geometric sensitivity is not only induced by the presence of diffracting 
edges, but also the addition of reflecting surfaces, for example, the 
addition of a balcony ceiling where strong specular reflections occur from 
the balcony ceiling back down to the balcony receiver.  Consequently, the 
dimensions and configuration of the balcony ensures that prediction of 
road traffic noise within the balcony space is highly sensitive.  To further 
overcome this type of geometric sensitivity and in addition to separating 
the point sources, it is appropriate to model more than one lane of traffic.  
Although one lane of traffic provides detailed information on the 
comparative performances of different balcony acoustic treatments, it 
does not often occur in cities.  Design guides need to be developed that 
feasibly simulates actual conditions, therefore this study incorporates up 
to four lanes of traffic as shown in Figure 4.24. Figure 4.24 demonstrates 
the locations of individual vehicles located in all four lanes directly in 
front of the balcony and also shows two possible diffraction paths around 
a solid front parapet.  Each point source located in the four lanes will have 
a different diffraction loss because of the variable path differences.  The 
distribution of sources within the street provides a smoothing out of 
diffraction loss when the resultant SPL is arithmetically averaged across 
all four lanes. Therefore, a total of 8 point sources representing vehicles 
were located directly in front of the balcony and these were made up of 
two sources (propulsion and rolling) for each of the four lanes.  
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Figure 4.24: Lane sources (four) directly in front of balcony 
Additionally, the spatial level variance within the balcony space can be 
quite large, particularly when solid parapets and ceiling shields are 
installed. A detailed analysis of spatial level variance across the depth of 
a balcony has been presented by the author previously (Naish, Tan and 
Demirbilek 2010). The selection of receiver location has high importance 
because being very close to the diffracting edges means that small 
changes in receiver location can result in large variances in path 
difference. As design guides will inevitably be used for compliance 
measurements, a single receiver at the geometric center of the balcony 
space is easy to specify and measure.  The geometric center of a balcony 
will also be in the vicinity of seated or standing persons using the 
balcony space for relaxation purposes.  
4.6.2.2 Temporal Sensitivity 
Road traffic noise on balconies is temporally sensitive du e to the 
movement of the point sources.  Geometric sensitivities were described in 
the previous section and consequently, as a vehicle translates temporally 
along the street surface, geometric sensitivities due to diffracting edges 
and reflecting surfaces change temporally. This effect is apparent, for 
example, in the temporal calculation of the direct path where diffracting 
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edge path difference changes considerably.  Figure 4.25 shows path 
difference temporal variance occurring as a point source (in lane 1) 
travels past the balcony. It is important to recognise that side edge 
diffraction will exhibit similar behaviour as top diffraction and should 
not be neglected. Figure 4.24 demonstrates where side diffraction can  
occur, such as vertical edge of a front balcony parapet with no side edge 
parapets or vice versa. 
 
Figure 4.25: Temporally sensitive top edge diffraction and 
alternative diffraction edges due to individual vehicle sources 
To demonstrate temporal diffraction from the floor edges of a Type 1 
balcony, the computer model was used to simulate the direct path only of 
a vehicle pass-by, as shown in Figure 4.26. 
The height of the receiver above the balcony floor will experience 
significant differences in the angle of view of the road, and consequently 
different diffraction. It is possible that a receiver will experience higher 
SPL from a vehicle further away because it has a greater view of the road 
upstream and downstream of the balcony. This effect is observed in 
Figure 4.26 with the significantly variable changes in SPL for the 20m 
and 60m height cases. In contrast, the 5m height case does not 
demonstrate this behaviour as line of sight with the vehicle is maintained 
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at all times and consequently there is negligible diffraction, if any, being 
provided to the receiver.  
 
Figure 4.26: Type 1 Balcony (balcony center, direct path, Lane 1, 
variable heights above street) 
It is due to the issues surrounding temporal sensitivity that only point 
sources in front of the balcony have been used in the methodology to 
prepare the proposed design guides.  
4.6.2.3 Source Characteristic Sensitivity 
Road traffic noise is constructed from a number of different sources and 
locations. A single vehicle produces multiple noise sources, which can be 
largely placed into three main categories (1) propulsion system, (2) t yre 
and pavement interaction, and (3) aerodynamic. Although in the far field, 
all individual sources can be combined to an overall point source, this 
may cause prediction problems when theoretical and scale models are 
highly sensitive to source-receiver geometrical positions, especially when 
considering diffraction. This is increasingly important for balconies 
located near major roads or motorways where there are multiple lanes of 
high density traffic including a variety of vehicle types with their 
consequent variable sound power levels and geometr ies. 
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The variables which also contribute to the sound power level of an 
individual vehicle are speed, pavement surface type, t yre design, road 
geometry (for example, gradient) and vehicle type. Road traffic noise is a 
combination of individual vehicles, and thus the total number of vehicles 
over a defined time interval and the proportion of vehicle types will 
govern the overall road traffic noise characteristic for any particular 
location. 
Due to the very large number of variables within road traffic noise 
generation, it is necessary to make some simplifying assumptions in order 
to produce the proposed design guides.  In this study the following has 
been assumed: 
 Single vehicle type - passenger car on dense graded asphalt at 
60km/hr. 
 Sound power level input in 1/3 octave bands, however, as 
explained in the following section on compliance testing , results 
provided in Chapter 9 are only in dB(A). 
4.6.2.4 Compliance Testing 
A practical design guide should inherently include the ability to perform 
compliance assessment.  The most preferred method of compliance 
assessment is via in-situ measurement. To ensure in-situ measurement is 
efficient, two measurement positions only are proposed at the locations 
shown in Figure 4.27. During a compliance assessment, an acoustic 
practitioner is likely to have numerous balconies to assess in a short time, 
thus measurement simplification is important.  Simplifying the compliance 
protocol also supports the use of dB(A) units for the overall SPL 
difference between the reference position and balcony receiver.  Currently 
this also promotes universality as it can be applied across a number of 
different countries, and could be incorporated into any of the widely 
available prediction parameters, for example LA10(18hour) or Lden, LNight.  In 
this regard a design guide should not attempt to predict the SPL, as this is 
left to other local calculation preferences, but rather should determine the 
difference in level only.  
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Figure 4.27: Calculation zones - Reference zone and balcony zone 
4.6.2.5 Path Sensitivity 
The need for the design guides to be based on overall energy and dB(A) 
units for pragmatic purposes, allows some further simplification to the 
calculation methodology by limiting the number of sound paths assessed. 
It has been determined previously (Naish, Tan and Demirbilek 2010) that 
the most dominant paths are the direct and specular.  The only diffuse 
path which may contribute to overall dB(A) levels is the first  order from 
the street canyon surfaces.  Diffusion within the balcony space, either first 
or second order is at least 10dB(A) lower than the combined levels from 
the direct and specular paths.  Thus, the calculation methodology for the 
results in Chapter 9 only includes the direct, specular and first order 
diffusion from the street canyon.  
4.6.3 Summary of Methodology Assumptions 
The following lists summarises the assumptions made in this study to 
commence the development of design guides for balcony acoustic 
treatment: 
 Multiple point sources per vehicle rather than multiple receivers 
to help overcome geometric sensitivity.  
 Multiple lanes (four lanes of traffic).  
 Sources directly in front of balcony only.  
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 Temporal aspects excluded.  
 Sound paths only include the direct, specular and first order 
diffusion from the street canyon surfaces.  
 Overall noise level is calculated as the arithmetic average of SPL 
from four lanes of traffic as per Eq. 32. 
 SPL unit is dB(A) calculated from measured 1/3 octave band 
sound power level spectrum for a passenger car on dense graded 
asphalt at 60km/hr.  
 Balcony receiver is 1.2m above the balcony floor and horizontally 
at the geometric center of the balcony.  
 Reference receiver is 1.2m above the balcony floor and 1.0m ro ad 
side of the front edge of the balcony floor.  
 The difference in SPL between the reference position and balcony 
position is calculated as per Eq. 33. 
           
   
 
 
      
 (32) 
                                 (33) 
4.6.4 Scenarios Investigated 
Using the methodology described above the early development of a 
design guide for Type 1 and Type 2 balconies in a street canyon is 
conducted. The aim of choosing Type 1 and Type 2 balconies is to assess 
the effect of the balcony ceiling. Two scenarios are investigated, both 
being the same except for the depth of the balcony being 2m or 4m 
respectively. Figure 4.28 presents the schematic outline of Scenario 1. 
Scenario 2 is demonstrated in Figure 4.29.  
In each scenario, the following variables are set:  
 The distance from road center to balcony façade is from 20m to 
100m, stepped in 5m increments.  
 The height of the balcony floor above the street is from 3m to 
60m, stepped in 3m increments.  
 Opposite buildings at 60m height were present.  
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 Four lanes of traffic exist with single point sources in each lane 
directly in front of the balcony.  
 Ceilings were reflective, non-diffuse balcony ceilings.  
 Opposite buildings were reflective and highly diffuse.  
 
Figure 4.28: Scenario 1 Street and balcony configurations (metres) 
 
Figure 4.29: Scenario 2 Street and balcony configurations (metres) 
4.7 FINAL DESIGN GUIDE METHODS 
This section aims to produce a relatively simplified method for predicting 
the difference in speech interference level (SIL) on balconies between the 
balcony space and a point just outside the balcony. The purpose is to 
assist acoustic practitioners who are involved with residential building 
design in predicting the acoustic benefits of different balcony acoustic 
treatments. A result of earlier studies, the effects of balcony acoustic 
treatments on SIL is demonstrated to be inconsistent across all balcony 
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locations and proximity to the source (Naish, Tan and Demirbilek 2013a). 
Thus it is important to establish a method which identifies optimised 
solutions. An optimised solution, which is the least costly balcony 
acoustic treatment to meet a specified SIL reduction ob jective, will 
promote the inclusion of balcony acoustic treatments into building 
designs. The potential benefits of balcony acoustic treatments has been 
discussed earlier (Naish, Tan and Demirbilek 2012a; Tan, Naish and 
Demirbilek 2012) in terms of estimated health cost savings to 
communities due to potential reductions in exposure to road traffic noise.  
The methodology implemented in this study is presented in t hree sections. 
Firstly, the theoretical and computer model specifically developed for 
this purpose is described. Secondly, the development of the design guide 
is discussed including the indicators and scenarios. Finally , the variables 
used in the design guide are presented in detail.  
4.7.1 Design Guide Development 
The primary aim of the design guide is to determine the differences 
between SIL at a defined reference position outside a balcony and SIL at 
a position within the balcony space. This is conceptually pre sented in 
Figure 4.30 which shows a balcony cross-section with two receivers 
where SIL is calculated to (1) Balcony (𝑆𝐼        ), and (2) Façade 
(𝑆𝐼       ). 𝑆𝐼         is located halfway between the façade and outer 
edge of the balcony floor (𝐷   ) and is 1.2m above the balcony floor. The 
height of 1.2m has been selected as being the average height of a seated 
person on the balcony and is likely to be the position where speech 
interference is most important to the function of the balcony space  
(Naish, Tan and Demirbilek 2013a). 𝑆𝐼        is located halfway up the 
façade wall, which is 1.5m above the floor for a 3.0m height balcony. 
Balconies were all set to 3.0m height in this study as this represents a 
common floor to floor height for high-rise apartment buildings. Figure 
4.30 also shows the defined reference position (𝑆𝐼    ) which is located 
1.2m above the balcony floor to be the same as the position for 𝑆𝐼         
and is 1.0m outside the front edge of the balcony floor to ensure a 
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measurement position which is feasible to reach. In this figure, four 
distances are shown as a, b, c and e. These distances are calculated from 
the nearest most source location only and are explained in more detail 
below. 
 
Figure 4.30: Prediction locations, Reference, Balcony and Façade. 
Note: Distances a, b and c measured similarly for the Façade 
Receiver. 
In accordance with an earlier investigation (Naish, Tan and Demirbilek 
2013a), nine different balcony acoustic treatments are considered 
important in the development of design guides. These nine types are 
presented in Figure 4.31 and demonstrate a range of options including 
parapet, ceiling absorption and ceiling shields. Type 1 balconies are a 
rare case of balcony without a ceiling but important to quantify the effect 
of ceiling reflection when compared to Type 2 balconies. Type 2 
balconies can be described as the most common balcony or base case. 
Types 3, 4, 8 and 9 all have solid parapets which increases diffraction 
attenuation to certain receiver locations within the balcony. Types 1, 2, 5, 
6, and 7 do not exhibit any parapet. Types 6, 7, 8 and 9 incorpo rate a 
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ceiling shield which in some locations provides additional diffraction 
attenuation and may assist in reducing strong specular reflection off the 
balcony ceiling. Types 4, 5, 7 and 9 include highly absorptive materials 
on the ceiling surfaces with an average absorption coefficient of 0.75 
over the range of frequencies from 500Hz to 4000Hz . 
 
Figure 4.31: Dimensions and characteristics of 9 balcony types 
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Figure 4.32 shows the location and scenario configuration of all nine 
balcony types where 𝑆𝐼    , 𝑆𝐼         and 𝑆𝐼        are calculated. The 
horizontal distance to the source is 5m, 10m, 20m, 40m or 100m and the 
vertical distance is 3m, 6m, 15m, 30m, 50m or 100m. Thus the locations 
modelled are spread over a wide area where balcony acoustic treatments 
are more likely to require design optimisation. The distance from the 
source to opposite buildings is set to a constant 20m. Although variable 
distances could have been modelled, it was necessary to reduce the 
number of variables to reduce the calculation time for the study. It is 
considered more important to alter the height of opposite buildings from 
0m, 50m and 100m and also alter the diffusion coeff icient of the building 
facades from 0.1, 0.5 and 0.9. These six combinations for opposite 
buildings is deemed sufficient to develop the design guides, particularly 
as it has been previously identified that road traffic noise levels are 
dominated by direct and specular reflection paths rather than diffuse 
paths. Two depths of balcony are assessed, being 2.0m and 4.0m deep. 
These two depths are considered to represent the minimum and maximum 
range of normal residential balcony designs although it is acknowled ged 
that shallower and deeper balconies can be constructed.  
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Figure 4.32: Prediction configuration showing balcony locations, 
for each 9 balcony types, and 3 façade diffusion types 
Finally, the computer model that implements the custom theoretical 
model is set up as shown conceptually in Figure 4.33. A series of point 
sources is aligned temporally along the axis of the street canyon and only 
direct and specular reflection paths are calculated at each receiver. 
Diffuse energy is calculated only from the source nearest to the balcony 
where it is assumed that diffuse energy from this source is constant 
temporally. Thus the computer model combines energy from direct, 
specular reflection and diffuse reflection paths to quantify 𝑆𝐼    , 
𝑆𝐼         and 𝑆𝐼       . 
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Figure 4.33: Conceptual arrangement of direct and specular module 
sources and single central diffuse module source in the computer 
model set up 
4.7.2 Design Guide Variables 
As it is the difference in SIL between the reference position and receiver 
positions that is of interest, two derived values are calculated from all of 
the scenarios assessed. These are  𝑆𝐼   calculated using Eq. 34 and  𝑆𝐼   
calculated using Eq. 35. 
  𝑆𝐼   𝑆𝐼     𝑆𝐼         (34) 
  𝑆𝐼   𝑆𝐼     𝑆𝐼        (35) 
After consideration of the available variables from the computer model 
and scenarios assessed it is deemed that  𝑆𝐼   or  𝑆𝐼   is a function of 
nine variables (Eq. 36), being (1) diffraction path difference (𝐷   ), (2) 
ratio of total specular energy to direct energy (𝑆𝐷 ), (3) distance loss 
Direct and Specular Reflection Source
Diffuse Source – Street and Balcony Compartments
Balcony
(a)
Receivers
L
p
Diffusion 
Energy
Direct & Specular 
Energy per lane
Assume Total 
Diffuse Energy 
Constant
Direct, 
Specular & 
Diffuse Energy
Time or Distance
(b)
Opposite Buildings
  
 
178 
between reference position and receiver position (     ), (4) distance from 
source to balcony façade ( ), (5) height of balcony floor above street 
(  ), (6) balcony depth (𝐷), (7) height of opposite buildings (  ), (8) 
diffusion coefficient of buildings (𝜁) and (9) balcony average absorption 
ratio (𝛼 ). Most of these variables are demonstrated in Figure 4.30. 
Variables      𝐷    and 𝜁 do not require further explanation; however 
the remaining variables are described in detail in the following sections.  
  𝑆𝐼        𝑓 𝐷    𝑆𝐷             𝐷    𝜁 𝛼   (36) 
4.7.3 Diffraction Path Difference, DSIL 
As SIL is an arithmetic average over a wide frequency range and 
diffraction attenuation is frequency dependent it is necessary to 
determine the average diffraction attenuation over the SIL frequencies 
which is a similar approach taken previously by author (Naish 2010a). 
This variable is denoted as 𝐷    and it is calculated according to either 
form 1 or 2 of Eq. 37 where path difference,  , is from Eq. 38 using the 
distances a, b and c defined in Figure 4.30. This study used second form 
of Eq. 37. 𝐷    is only determined for the source that is directly in front 
of the balcony, and whilst it is recognised that this will often provide the 
highest path difference of all the direct path sources it is considered that 
it provides a sufficiently strong correlation towards prediction of  𝑆𝐼   or 
 𝑆𝐼  . Including a form of average path difference based on spatially and 
temporally separated point sources would improve overall correlations, 
however this potentially distracts the aim to produce the most simple 
design guide. It will be observed that Eq. 37 is a reduced form of the 
barrier attenuation algorithm from ISO9613-2 (International Standards 
Organisation 1996) where the second form of Eq. 37 uses an average 
wavelength from 500Hz to 4kHz. In order to simplify the design guides 
the path difference,  , has been derived to be calculable from easily 
identifiable variables (  𝐷    𝑃) where 𝑃 is the height of balcony 
parapet (0m or 1.0m in this study). The equations including these 
variables are slightly different when calculating          (Eqs. 39, 40 and 
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41) and         (Eqs.42, 43 and 44). 
 𝐷    
 
 
            
  
 
   
    
     
  𝑟                 (37) 
         (38) 
For         : 
                 
  
 
  (39) 
     
 
 
 
 
          
 
 
 (40) 
       
 
 
 
 
         
  
 
 
 (41) 
For        : 
                 
  
 
  (42) 
                
 
  (43) 
               
  
 
  (44) 
4.7.4 Direct / Specular Energy Ratio, SDR 
A significant path in the arrival of road traffic noise to a balcony space is 
reflection off the ceiling plane. Consequently, a design guide m ust take 
account of the potential for strong reflections from the ceiling. This 
potential path is possibly the most geometrically and temporally sensitive 
path of all the possible pathways. To account for ceiling reflection and 
other paths of specular reflection, a variable derived from the ratio of 
total specular energy in the SIL frequencies to the direct energy SIL is 
used, 𝑆𝐷 , which is shown in Eq. 45. The further derivation of 𝑆𝐷  is 
found in Chapter 10. 
 𝑆𝐷  
𝐷 𝑟    𝑆𝐼 
𝑆𝑝  𝑢𝑙 𝑟 𝑆𝐼 
 (45) 
4.7.5 Distance Loss Reference to Receiver, Dist 
A possibly unexpected variable is the difference in dB introduced by the 
change in distance between the reference location and the balcony 
receiver location,      , Eq. 46. This is important when distances to the 
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source are comparable to the distance between the two receivers. Similar 
to the previous variables, to assist the purpose of the design guide, the 
calculation of this variable is reduced to easily identifiable variables 
(  𝐷   ). It requires calculation of distance, e, shown in Figure 4.30 
through the use of Eq. 47. The distance, c, is calculated from either Eq. 
41 or Eq. 44. 
               
c
e
  (46) 
             
 
         
  
 
 
 (47) 
4.7.6 Ratio of Average Absorption, R 
The variable 𝛼  is a function of 𝛼   (Eq. 48), where ‘n’ is balcony types 2 
to 9 inclusive; which is the average absorption in the balcony space and 
its ratio with the average absorption estimate for a Type 1 balcony. 
Variable 𝛼  is calculated using standard Sabine room acoustics theory 
from the internal surface area of the balcony space, 𝑆 , and the surface 
area of each individual balcony surface component,  𝑆 , and its respective 
average absorption coefficient,  𝛼 , across the speech frequencies 500 Hz 
to 4000Hz (Eq. 49). To simplify the calculation for this study as the 
width of all balconies has been set to 4.0m, 𝑆  can be devolved to Eq. 50 
and  𝑆 𝛼  can be determined through the use of Eq. 51a and then 
simplified by grouping terms in Eq. 51. In Eq. 51, four new variables are 
included,          and    which represent ceiling absorption, parapet 
height, the presence or not of ceiling shields and ceiling shield absorption 
respectively and their constant values are found in Table 4.5. The floor, 
ceiling, façade and parapet are reflective surfaces with an absorption 
coefficient of 0.01 which is the basis for the 1/100 term for these 
elements in Eq. 51.  
 𝛼  
𝛼  
𝛼  
 where n=2 to 9 (48) 
 𝛼  
 𝑆 𝛼 
𝑆 
 (49) 
 𝑆    𝐷     (50) 
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 𝑆 𝛼  
 𝐷
   
     
 
 𝐷  
   
 
       
 
  
   
      
 
  𝐷      
   
     
       
 
  𝐷     
 
    
   
        
              
   𝐷          
 
 
   
                
        
 
(51a) 
 
 𝑆 𝛼  
 𝐷      
   
 
  𝐷        
 
 
              
 
 
    
   
      
(51) 
 
Table 4.5: Constants for use in Eq. 51 to determine ∑Scαc for all 
balcony types 
Balcony 
Type 
            
1 100 0 0 1 
2 1 0 0 1 
3 1 1 0 1 
4 75 1 0 1 
5 75 0 0 1 
6 1 0 1 1 
7 75 0 1 1 
8 1 1 1 1 
9 75 1 1 75 
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CHAPTER 5 RESULTS - SOUND POWER 
The results presented in this chapter are only related to those vehicles 
between the 80km/hr and 110km/hr speed bins and in the speed analysis 
only the 80km/hr, 90km/hr, 100km/hr and 110km/hr speed bins.  The bin 
width is 5km/hr wide. The sample sizes are sufficiently large to 
commence observation of trends in the sound power of Queensland road 
vehicles. The results are presented in four sections below; Section 5.1 
investigates the frequency variability across the three Harmonoise vehicle 
categories; Section 5.2 compares the effects of vehicle speed in the 
80km/hr, 90km/hr, 100km/hr and 110km/hr speed bins; Section 5.3 looks 
at the effects of the different pavement surface types and the final section 
(5.4) presents a tabulation of the overall level sound power separating all 
three main variables i.e. vehicle category, speed and pavement surface 
type. 
The spread of sound power across the assessed variables is presented in 
quartiles format for the Queensland data in Figure 5.1, Figure 5.2 and 
Figure 5.3. The 90
th
 percentile of the measured data (solid line) and the 
mean Harmonoise sound power level for the scenario under investigation 
(diamond dots) are also shown in the figures.  The 90
th
 percentile is shown 
to assist in visualising the spectral trend by demonstrating the differences 
between the loudest sound power and the 75
th
 percentile sound power.  
5.1 VEHICLE CATEGORY VARIABILITY 
The spread of sound power across the assessed vehicle categories is 
presented in Figure 5.1 and the mean Harmonoise sound power level from 
80km/hr to 110km/hr (diamond dots) are also shown in Figure 5.1. These 
results indicate that category 1 vehicles have the largest variability across 
the fleet with category 2 having the least variability; however there may 
be some effect of different sample sizes present.  With category 1 vehicles 
the notable features are the relatively larger variability in the 80Hz a nd 
100Hz bands which is attributed to faulty or modified exhausts (based on 
site observations). There is also relatively more variability in frequencies 
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ranging from 1600Hz to 6300Hz, which is likely to be mostly due to 
different pavement surface types such as PCC and OGA (see Section 4.3).  
Compared with the mean Harmonoise sound power, the sound powers of 
Queensland category 1 vehicles generally follow the same trend across 
the 1/3 octave spectrum, although there are some interesting deviations 
between 400Hz and 1600Hz. 
 
Figure 5.1: Vehicle category: sound power overall levels and 1/3 
octave distribution (box plots represent minimum, 25 percentile, 75 
percentile and maximum values) 
In all three vehicle categories, the influence of the exhaust system is 
clearly observable, in particular for category 3 vehicles.  The largest 
variability in heavy vehicles is in the 80Hz band, and the mean for 
Queensland is significantly higher than the mean for Harmonoise.  
Pavement surface effects would not cause this effect in this frequency 
band, therefore this indicates that Queensland heavy vehicle exhaust 
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systems produce a different character of noise compared to European 
vehicles. This effect may need to be noted in future applications of 
Harmonoise prediction methods in use in Queensland.  Between 250Hz 
and 315Hz, Harmonoise tends to be higher than Queensland, contrary to 
frequencies between 800Hz and 1250Hz.  Queensland category 2 vehicles 
generally follow the same spectral trends observed in the Harmonoise 
data. 
Despite the comparative difference in the spectral characteristics of 
Queensland and Harmonoise vehicles, the overall linear and A -weighted 
levels appear to correlate reasonably for medium and heavy vehicles but 
not so well for light vehicles. It is possible that the light vehicles in 
Queensland either have slightly higher propulsion noise than European 
light vehicles or the pavement surfaces measured are generally noisier 
than the Harmonoise reference pavement, or both . 
5.2 VEHICLE SPEED VARIABILITY 
Comparing all vehicle categories across the nominated speed bins of 
80km/hr, 90km/hr, 100km/hr and 110km/hr provides some interesting 
comparisons between Queensland vehicles and Harmonoise vehicles.  In 
the database, there are 177 vehicles in the 80km/hr speed bin; 307 
vehicles (90km/hr bin); 356 vehicles (100km/hr) and 54 vehicles 
(110km/hr bin). Within these speed bins there are 239 vehicles with a 
DGA pavement surface type; 125 vehicles (OGA); 113 vehicles (PCC), 
229 vehicles (CS) and 188 vehicles on an SMA pavement.  Also within 
these speed bins there are 637 Category 1 vehicles; 59 Category 2 
vehicles and 209 Category 3 vehicles.  
Figure 5.2 presents the charted results.  Firstly in the 80km/hr speed bin, 
the Harmonoise mean is notably higher than the Queensland mean above 
2000Hz but is below between 800Hz and 1250Hz.  The Queensland mean 
is a little lower than the Harmonoise mean at 80Hz but significantly 
lower at 63Hz, which indicates again some differences may exist in the 
exhaust systems of the two vehicle fleets.  These differences noted at 
80km/hr are again noted for 90km/hr, 100km/hr and 110km/hr speed bins.  
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Figure 5.2: Vehicle speed: sound power overall levels and 1/3 
octave distribution 
At 110km/hr the distribution of the data is narrowed which is most likely 
due to the smaller sample size for this speed bin.  There is smaller 
difference between the 25
th
 and 75
th
 percentile in the 80Hz and 100Hz 
bands than at 100km/hr but it is observed that the frequency of exhaust 
noise shifts higher at the higher speeds, as expected.  The Harmonoise 
data does not suggest an upward frequency shift, with the 63Hz band 
containing the respective peak band energy in the low frequency part of 
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the spectrum. Also notable with the 110km/hr data is the relatively 
smaller variability around the middle frequencies with large variability 
introduced at higher frequencies above 1000Hz.  This later effect is most 
likely due to the pavement surface noise generation variability  which is 
discussed in Section 5.3. At 110km/hr, the Harmonoise data is 
significantly louder than the Queensland data below 100Hz.  
5.3 PAVEMENT SURFACE VARIABILITY 
The distribution of sound power over different pavement sur faces 
including all vehicle categories 1, 2 & 3 and speeds between 80km/hr and 
110km/hr are compared with the mean reference pavement Harmonoise 
sound power from the conditions.  The charted results are shown in Figure 
5.3 where in each chart the Harmonoise values are the same and can be 
used to reference the Queensland data distributions across each chart.  
This data does not include a sufficient number of samples across the 
various pavement surfaces to draw strong conclusions on the trends 
observed and the inferences that can be made from these results, however 
the observations do match some expectations obtained overall from 
previous local studies (Samuels and Hall 2008). 
The spectral means for the study DGA pavement correlate well with the 
Harmonoise mean which suggests that these pavement surfaces do h ave 
similar construction characteristics which produce similar spectral 
acoustic attributes. The study SMA pavement spectral means are also well 
correlated with the Harmonoise mean but slightly lower than the 
Harmonoise mean above 2250Hz.  
The study OGA pavement mean is lower in all frequencies compared to 
the Harmonoise mean. This result is naturally expected as OGA is known 
to have beneficial acoustic attributes compared to DGA and SMA.  The 
study OGA pavement does demonstrate some significantly lower energ y 
in frequencies at or above 1000Hz and between 250Hz to 400Hz.   
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Figure 5.3: Pavement surface type: sound power overall levels and 
1/3
 
octave distribution 
Pavement Surface = DGA
Pavement Surface = OGA
Pavement Surface = PCC
Pavement Surface = CS
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In contrast to OGA, the PCC pavement demonstrates consistently higher 
levels from 800Hz to 2250Hz but follows similar patterns with 
Harmonoise reference pavement below 800Hz.  Likewise the CS pavement 
follows a similar trend with Harmonoise up to 3150Hz above which it 
exhibits slightly lower noise emissions . 
5.4 OVERALL SOUND POWER 
The overall unweighted mean sound power from each measurement study 
site, each vehicle category and speed bins 80km/hr, 90km/hr, 100km/hr 
and 110km/hr are tabulated in Table 5.1 along with the corresponding 
values for Harmonoise (Harmonoise 2005) and DK Nord 2005 (Jonasson 
2006). Missing values in the table indicate that there was no sample for 
that particular scenario on a particular measurement site.  
At each measurement site, overall sound powers increased by 1 to 3 dB 
per 10km/hr speed increment, except for medium and heavy vehicles on 
the OGA pavement which experience a minor reduction with increasing 
speed. 
The light vehicles on the DGA pavement are 3 to 7 dB higher than the 
Harmonoise light vehicles on its reference pavement.  The light vehicles 
on the SMA pavement are 1 to 5 dB higher than Harmonoise.  The 
difference between Queensland data and the Harmonoise re ference 
pavement for medium and heavy vehicles on DGA is reduced to -2 to +3 
dB and 1 to 3 dB for SMA. Further investigation is required on the exact 
structure of the measured pavements in comparison to the reference 
pavement to determine if the high sound power levels for Queensland’s 
data is due to louder vehicles or pavements or a combination of both.  
The light vehicles on the PCC pavement are 5 to 7 dB higher than the 
Harmonoise reference pavement with the medium and heavy vehicles 
being 1 to 5 dB louder. Similarly the light vehicles on the CS pavement 
are 5 to 6 dB louder, consistently across all assessed vehicle speeds.  
The Queensland data appears to be more closely correlated to the Nordic 
data, than it is to the Harmonoise data for example light vehi cles on DGA 
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are 1 to 4 dB louder than light vehicles on the Nordic reference 
pavement. 
Table 5.1: Mean sound power level (dB) per measured site vs. 
Harmonoise (2005) and DK Nord 2005 (Jonasson 2006) 
Pavement 
Surface 
Site 
Name 
Vehicle 
Category 
80 
km/hr 
90 
km/hr 
100 
km/hr 
110 
km/hr 
DGA DGA_1 1 107 109 110 112 
  2 111 114 115 - 
  3 118 118 120 - 
 DGA_2 1 109 111 - - 
  2 - - 110 - 
  3 118 - - - 
 DGA_3 1 106 108 - - 
  2 110 - - - 
OGA OGA_1 1 101 103 104 105 
  2 106 111 109 - 
  3 117 115 115 - 
PCC PCC_1 1 109 111 111 112 
  2 - 112 115 - 
  3 118 119 123 - 
CS CS_1 1 109 110 111 112 
  2 - 113 112 - 
  3 - 119 121 - 
 CS_2 1 107 109 108 - 
  2 109 114 - - 
  3 - 117 - - 
SMA SMA_1 1 106 108 110 107 
  2 111 113 112 - 
  3 118 119 121 - 
Harmonoise - 1 104 104 105 106 
  2 110 111 112 113 
  3 116 117 118 119 
DK Nord 2005 - 1 106 107 109 110 
  2 113 114 115 117 
  3 116 117 118 119 
       
 
  
 
190 
5.5 SOUND POWER DISCUSSION 
This study has demonstrated some initial observational differences 
between the sound power levels of Queensland road vehicles and the 
Harmonoise predicted sound power levels . The observed differences are 
notable in some instances but minor in others and a more in-depth study 
and analysis is required before any strong conclusions are made.  The 
initial summary of the observations are:  
1. Queensland vehicle sound power levels generally follow the 
same spectral characteristic trends as the Harmonoise 
calculated sound power levels.  
2. Exhaust noise in Queensland tends to dominate the 80Hz 1/3 
octave band whereas it dominates the 63Hz 1/3 octave band 
in Harmonoise. 
3. There are significant spectral differences between certain  
pavement surface types.  
4. Light vehicles in Queensland appear to be louder than their 
European counterparts overall, but not consistently across all 
frequencies. The medium and heavy sized vehicles tend to be 
more correlated with the sound power of the European 
equivalents. 
5. The sound power of Queensland vehicles appear to be more 
closely correlated with the Nordic database.  
The sound power data obtained from this study can be used in further 
research into to road traffic noise impacts in Queensland and Aust ralia. 
Research into the effects of night time noise or urban street acoustics and 
building design will all benefit from the results of this study.  Future work 
could extend the measurements to other sites and expand the database.  
Additional analysis of the existing database could be conducted with a 
focus on the combined effects of vehicle category, vehicle speed and 
pavement surface type.  
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CHAPTER 6 RESULTS - SOUND PRESSURE LEVEL 
SPATIAL DISTRIBUTION 
For each balcony case (refer to Figure 4.11), calculations are performed 
for each receiver in the receiver grid (121 points each case).  The total 
energy and the energy received at each receiver from each pulse type 
(refer to Figure 4.4) is calculated. Table 6.1 presents the average number 
of pulses calculated for each case per pulse type.  Case C experiences 
significantly more pulses due to the increased balcony surface area from 
the introduction of ceiling shields.  The balcony parapet exists in both 
Case A (0.01m high to act as diffracting edge of the balcony floor) and 
1.0m high for Case B. This is why there are no significant differences in 
the pulse number between Case A and Case B.  
Table 6.1: Number of pulses per pulse type 
Case A B C 
PT1 1 1 1 
PT2 13 13 14 
PT3 150 150 150 
PT4 763 765 761 
PT5 100 100 225 
PT6 470 471 2811 
Total 1497 1500 3961 
    
6.1 TOTAL SOUND PRESSURE LEVEL 
Firstly, looking at the average sound pressure level for each case and 
each pulse type, the average results from the receiver points adjacent to 
the balcony facade wall are shown in Table 6.2. The total average energy 
where y = 0 and z = 0 to 10 is 71.9dB(A) for Case A, and Case B was -3.7 
dB(A) less (on average) and Case C is -4.5 dB(A) (on average). The 
direct path pulse type is the dominant energy source for all cases, 
however the dominance is less for Case B and C due to the diffraction 
provided by the parapet and ceiling shields.  As expected, diffusion 
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energy contributions are not appreciably different as diffusion 
coefficients have not changed, only the surface area of planes in the 
balcony compartment are increased for Case B and C.  
Table 6.2: Average of energy near facade per pulse type, z0 to z10 
dB(A) 
y 0 A B (A-B) C (A-C) 
Total 71.9 68.2 (-3.7) 67.4 (-4.5) 
PT1 70.1 65.6 (-4.6) 64.9 (-5.2) 
PT2 65.8 60.7 (-5.2) 59.8 (-6.0) 
PT3 56.9 54.0 (-2.9) 52.2 (-4.7) 
PT4 40.5 34.3 (-6.2) 31.6 (-8.9) 
PT5 55.4 55.4 (0.0) 55.1 (-0.3) 
PT6 42.4 43.3 (0.9) 46.5 (4.1) 
      
The noise level variability on the balcony facade is demonstrated in Table 
6.3 and is compared with the noise level variability with increasing 
height above the balcony floor at  the front of the balcony (Table 6.4). 
Table 6.3: Balcony facade noise levels, z0 to z10 dB(A) 
Up the rear wall, y 0 A B C 
z0 = 2.05m 68.1 63.2 63.2 
z1 = 2.30m 69.4 60.0 60.2 
z2 = 2.60m 72.4 61.1 61.2 
z3 = 2.90m 72.4 64.0 63.9 
z4 = 3.20m 72.4 67.4 67.2 
z5 = 3.50m 72.4 71.3 70.4 
z6 = 3.80m 72.3 72.3 72.2 
z7 = 4.10m 72.3 72.3 72.2 
z8 = 4.40m 72.3 72.2 72.3 
z9 = 4.70m 73.5 72.9 71.3 
z10 = 4.95m 73.7 73.1 67.7 
Average 71.9 68.2 67.4 
Average Difference to Case A 0.0 -3.7 -4.5 
Maximum Difference to Case A 0.0 -11.3 -11.2 
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Table 6.4: Balcony front noise levels, z0 to z10 dB(A) 
Up the balcony front, y 10 A B C 
z0 = 2.05m 72.9 56.5 57.5 
z1 = 2.30m 73.4 55.9 56.9 
z2 = 2.60m 73.3 57.0 58.4 
z3 = 2.90m 73.3 62.2 64.2 
z4 = 3.20m 73.2 73.2 73.1 
z5 = 3.50m 73.2 73.2 73.1 
z6 = 3.80m 73.1 73.2 73.1 
z7 = 4.10m 73.1 73.1 73.1 
z8 = 4.40m 73.1 73.1 73.0 
z9 = 4.70m 73.0 73.0 61.5 
z10 = 4.95m 73.0 73.0 59.3 
Average 73.1 67.6 65.7 
Average Difference to Case A 0.0 -5.6 -7.4 
Maximum Difference to Case A 0.0 -17.5 -16.5 
    
Inspecting Table 6.3, Case B and C both have significantly lower noise 
levels just above the floor which is due to the parapet diffracting edge.  
This difference is maintained until around z5 and z6 where the effects of 
the diffracting edge diminishes.  Above z6 the noise level is the same for 
Case A and B, however the effect of the ceiling shields is  observed at 
position z10 for Case C. 
Inspecting the results in Table 6.4, it is observed that there are very 
significant reductions provided by the parapet up to position z4 for Cases 
B and C with more than 15 dB(A) attenuation being  provided. The ceiling 
shields in Case C are effective at positions z9 and z10, providing over 10 
dB(A) reduction in this area of the balcony space.  
It is often easier to present noise levels over a surface through the use of 
contour maps. Noise level contours are prepared for each case and each 
pulse type of the total overall energy and total energy within each pulse 
type. These contours are shown in Figure 6.1 and pictorially demonstrate 
the attenuation effects predicted from the parapet and ceiling shield 
configurations in Case B and C. In Figure 6.1 the lines of diffraction in 
the contours in (a) are blurry compared to the sharpness observed in (b) 
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and (c). This demonstrates the increasing dominance of the diffusion 
energy arriving from the two separate radiosity compartments where the 
direct and specular reflected sound is significantly attenuated by the 
shadow zone of the diffracting edges.  This effect is most noticeable in the 
corner of the parapet and balcony floor. The specular reflected energy 
shown in Figure 6.1(c) is more attenuated than observed in Figure 6.1(b) 
due to absorption and diffusion losses occurring prior to arrival at the 
receiver. The effect of ceiling reflection is observed most clearly in Case 
A (c) with a higher noise level in a region near the corner of the balcony 
facade and ceiling. The effect of the diffracting edges is clear in Case B 
(c) and Case C (c), however due to the increased number o f pulse arrivals 
the levels of attenuation are less.  
Figure 6.1(d) shows the energy distribution from the 1
st
 order pulses from 
radiosity compartment 1 and again the effect of the diffracting edges is 
clear. Interesting to note is the relatively random directions of arriving 
pulses from the urban street provide a different diffraction attenuation 
pattern compared to the direct and specular reflected pulses. The 
shadowing effect of the floor and parapet edges is more vertical, 
indicating the significance of the 1
st
 order diffuse energy arriving from 
the street surface. The 2
nd
 order diffuse energy pulse from radiosity 
compartment 1 is shown in Figure 6.1(e) which as expected shows an 
increasingly random nature of di rection of arrival of sound pulses. 
Despite this increasing randomness, the effect s of diffracting edges are 
also observed to attenuate 2
nd
 order diffuse energy arriving from the 
surfaces near to the street and lower portions of the building facades.  
The contours of energy from pulses in radiosity compartment 2 (the 
balcony space) are shown in Figure 6.1(f) and (g) for the 1
st
 and 2
nd
 order 
respectively. These contours show increased diffuse energy near the 
internal surfaces of the balcony space. No significant differences are 
observed in predicted noise levels between the balcony configuration 
cases from compartment 2, which is expected as no differences in 
diffusion were entered into the model.  
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Figure 6.1: Predicted noise level contours (dB(A)) over a cross 
section of the balcony for each case per pulse type. 
Case A Case B Case C
(a) Total Energy
(b) PT1: Direct
(c) PT2: Specular Reflected
(d) PT3: Radiosity Compartment 1 - 1st Order
(e) PT4: Radiosity Compartment 1 - 2nd Order
(f) PT5: Radiosity Compartment 2 - 1st Order
(g) PT6: Radiosity Compartment 2 - 2nd Order
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6.2 COMPARISONS WITH THE REFERENCE POSITION 
Predictions were made to the reference location identified in Figure 4.10. 
The predicted total sound pressure levels at this location were 74.2 
dB(A), 74.1 dB(A) and 74.1 dB(A) for Cases A, B and C respectively.  
Thus, the sound pressure level at the reference location is reasonably 
independent of the balcony geometrical and acoustical configuration.  The 
predicted levels at each position in the balcony space receiver grid were 
subtracted from the level at the reference position for their respective 
balcony configuration case.  The tabulated results are presented in Table 
6.5 for the receiver positions at the centre of the balcony (y=5) and for 
each calculated height above the balcony floor (z0 to z10).  
Table 6.5 shows the difference between the total energy at the reference 
location and the total energy for each receiver point and also for each 
pulse type at the centre of the balcony.  Figure 6.2 shows the same 
information as contours over the entire cross-section of the balcony 
space. For each case, the average difference for all heights above the 
balcony floor is calculated. In this table it is observed that where there is 
little or no attenuation from diffracting edges then the overall levels at 
centre of balcony are around 1.5 dB(A) less than the reference location 
and the direct energy is typically 2.8dB(A) less than the reference 
location. The range of attenuation to the direct path (PT1) provided by 
the parapet is approximately 0dB(A) to 20dB(A) and the ceiling shields 
provide approximately 0dB(A) to 10dB(A) attenuation.  
The overall levels from the specular reflection path (PT2) are within 
10dB(A) for receivers which are not afforded any significant diffracting 
edge attenuation. Therefore the specular reflection energy will add a 
noticeable increase to the overall level when expressed in decibels.  The 
same cannot be stated for the diffuse pulse types, where their overall 
levels are all more than 10dB(A) lower than the reference position.  Thus 
the relative importance of the diffusion component of the sound ene rgy 
arriving at the receiver is not its impact on the overall level, but rather in 
the timing of its arrival and its contribution to the reverberation time of 
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the balcony space as the diffuse levels tend to range between 15dB(A) to 
35dB(A) lower than the reference position. 
The contours in Figure 6.2 show the difference between the reference 
position level and the level calculated across the balcony space receiver 
grid. The scale in the contours shows a thin black line where there is 0  
dB(A) difference with the reference position level. The total energy 
contours in Figure 6.2(a) clearly shows the zones in the balcony space 
where attenuation is provided by the parapets and ceiling shields. The 
attenuation effect of these diffracting edges is observable also in the 
diffuse energy arriving from radiosity compartment 1 (the street). The 
diffuse energy from the 2
nd
 order radiosity paths (Figure 6.2(e) and (g)) is 
mostly more than 30 dB(A) lower than the reference position. The 1
st
 
order diffuse energy from radiosity compartment 2 (the balcony) 
demonstrates in Figure 6.2(f) the relatively higher levels nearer to the 
internal surfaces of the balcony space. The variability in the d iffuse 
energy observed in Figure 6.2(d) and (f) is an indication that there will be 
differences in an impulse decay curve across the balcony space 
contributed by diffuse energy from both radiosity compartments 1 and 2.  
It is worthwhile noting that the reference position receiver is always 
higher in level than any of the balcony space receivers. It is necessary to 
consider the reference position, as it is an essential variable in any 
possible compliance testing framework developed for the measurement of 
road traffic noise levels on balcony spaces.  
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Table 6.5: Noise level difference with the reference location, dB(A) 
  Total PT1 PT2 PT3 PT4 PT5 PT6 
Case A Z0 -5.4 -7.6 -13.0 -20.1 -37.9 -12.7 -27.3 
 Z1 -1.7 -2.9 -8.6 -18.1 -35.3 -20.9 -33.9 
 Z2 -1.4 -2.8 -7.6 -17.0 -32.8 -22.5 -36.0 
 Z3 -1.4 -2.8 -7.6 -16.4 -30.8 -23.4 -37.1 
 Z4 -1.4 -2.8 -7.6 -15.8 -28.6 -23.8 -38.0 
 Z5 -1.4 -2.8 -7.7 -14.8 -27.0 -24.0 -36.8 
 Z6 -1.4 -2.8 -7.7 -15.0 -27.2 -23.9 -37.3 
 Z7 -1.4 -2.9 -7.7 -15.3 -27.4 -23.5 -36.2 
 Z8 -1.5 -2.9 -7.7 -15.5 -34.9 -22.7 -34.6 
 Z9 -1.3 -2.9 -7.0 -15.7 -28.2 -21.1 -33.7 
 Z10 -0.1 -3.0 -4.0 -16.1 -39.6 -13.0 -24.9 
 Average -1.7 -3.3 -7.8 -16.4 -31.8 -21.0 -34.2 
Case B Z0 -11.5 -21.0 -26.2 -24.1 -50.1 -12.8 -25.0 
 Z1 -15.6 -19.2 -24.4 -24.6 -49.8 -20.9 -33.9 
 Z2 -13.9 -16.1 -21.4 -24.8 -47.1 -22.5 -35.8 
 Z3 -9.7 -11.2 -16.7 -23.6 -41.0 -23.4 -36.3 
 Z4 -5.7 -7.1 -11.9 -20.7 -38.3 -23.9 -37.7 
 Z5 -1.5 -2.8 -7.7 -18.3 -37.6 -24.0 -37.3 
 Z6 -1.5 -2.8 -7.7 -18.0 -35.7 -23.9 -37.1 
 Z7 -1.5 -2.9 -7.7 -17.6 -32.2 -23.5 -37.3 
 Z8 -1.5 -2.9 -7.8 -17.4 -31.8 -22.7 -35.7 
 Z9 -1.4 -2.9 -7.4 -17.3 -32.2 -21.1 -33.9 
 Z10 -0.7 -3.0 -5.6 -16.7 -29.5 -13.0 -27.5 
 Average -5.9 -8.4 -13.1 -20.3 -38.7 -21.1 -34.3 
Case C Z0 -11.3 -20.6 -25.9 -24.2 -44.2 -12.7 -21.9 
 Z1 -15.3 -18.8 -24.1 -24.8 -49.5 -20.9 -29.7 
 Z2 -13.6 -15.8 -21.2 -25.4 -43.9 -22.4 -31.6 
 Z3 -9.9 -11.3 -16.9 -25.2 -43.9 -23.2 -32.0 
 Z4 -6.0 -7.5 -12.1 -23.6 -40.2 -23.6 -31.6 
 Z5 -1.6 -2.9 -7.8 -21.2 -37.0 -23.7 -32.0 
 Z6 -1.5 -2.8 -7.7 -20.1 -37.5 -23.6 -31.6 
 Z7 -1.6 -2.9 -7.7 -19.9 -34.6 -23.1 -30.8 
 Z8 -1.6 -2.9 -7.8 -19.5 -33.5 -22.1 -30.3 
 Z9 -5.8 -7.6 -11.5 -20.0 -43.7 -20.1 -28.5 
 Z10 -6.6 -10.8 -14.9 -21.4 -45.0 -10.7 -19.8 
 Average -6.8 -9.5 -14.3 -22.3 -41.2 -20.6 -29.1 
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Figure 6.2: Contours of the difference in levels between then 
reference position and the balcony space, dB(A). 
Case A Case B Case C
(a) Total Energy
(b) PT1: Direct
(c) PT2: Specular Reflected
(d) PT3: Radiosity Compartment 1 - 1st Order
(e) PT4: Radiosity Compartment 1 - 2nd Order
(f) PT5: Radiosity Compartment 2 - 1st Order
(g) PT6: Radiosity Compartment 2 - 2nd Order
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6.3 SOUND PRESSURE LEVEL SPATIAL DISTRIBUTION 
DISCUSSION 
In using a specifically designed computer model which includes direct 
sound paths, specular reflection paths and four diffuse sound paths, it has 
been possible to explore the acoustic spatial variability of different 
balcony configurations. 
The results of this study have shown some of the levels of attenuation 
that can be expected from solid balcony parapets and ceiling shields and 
with strategic placement of absorptive surfaces.  
This study has not attempted to cover a more diverse range of balcony 
geometries or acoustic configurations (absorption and diffusion) as the 
purpose of this investigation is to demonstrate the outputs of the 
developed theoretical and computer model.  These results show the 
dominance of the paths of sound energy and their contribution to the total 
energy at a particular receiver within the balcony space.  
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CHAPTER 7 RESULTS - SPEECH INTERFERENCE 
In total there are 630 calculated scenarios made up of the 70 street 
geometries and 9 different balcony types. In each of these 630 scenarios, 
calculations to both the balcony receiver and reference receiver positions 
are performed. All results are recorded into a single database for 
subsequent analysis.  The results are presented in two main sections, (A) 
Speech Interference Level (SIL) and (B) Speech Transmission Index 
(STI). Throughout these results, y, is the horizontal distance from the 
source and, z, is the elevation above the street level.  
7.1 SPEECH INTERFERENCE LEVEL 
The speech interference level has a multip le purpose by indicating 
conditions affecting speech and also summarising the average mid-
frequency sound pressure levels.  Four sections on SIL results is 
considered the most useful method for demonstrating the varying effects 
of street and balcony configurations. The first section compares the SIL 
across all nine balcony types.  Secondly, the propagation path, direct, 
specular reflection and diffuse reflection are reviewed. Thirdly, the 
influence on SIL with the presence or otherwise of an opposite building  is 
investigated. Fourthly, the SIL on balconies is compared to the SIL at the 
reference position.  
7.1.1 Effect of Balcony Type on SIL 
The overall SIL for each balcony type for various horizontal distances (y) 
and elevations (z) above street level are presented in Figure 7.1. These 
results include an opposite building of 45m height.  The balcony with the 
highest SIL is Type 2 at 79dB (y = 5m, z = 3m), Figure 7.1(b)) and the 
lowest SIL is Type 3, 4 & 9 at 43dB (y = 100m, z = 90m). The minimum 
and maximum SIL and overall range of each balcony type is shown in 
Table 7.1. Type 2 experiences the loudest noise levels where Type 9 has 
the lowest. Reviewing the range shows that the Type 3 balcony has the 
largest variability whereas Type 9 has the lowest variability.  
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Table 7.1: SIL results with balcony type 
Balcony Type Min, dB Max, dB Range, dB 
1 48 75 27 
2 53 79 26 
3 43 77 34 
4 43 72 29 
5 50 76 26 
6 53 76 23 
7 49 75 26 
8 43 70 27 
9 43 67 24 
    
 
 
 
Figure 7.1: Speech interference level for Types 1 to 9 balconies ((a) 
to (i) respectively) with varying street height and width. Opposite 
building height set to 45m. 
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For balconies that do not have a parapet, as in Types 1, 2, 5, 6 and 7, the 
SIL converges at large horizontal distances (y = 100m) so that SIL is 
independent of balcony elevation.  The same is not true for balconies with 
parapet provisions, as in Types 3, 4, 8 and 9, where SIL remains 
dependent on balcony elevation even at far distances (y = 100m).  This 
demonstrates that at far distances the diffraction attenuation from the 
balcony floor becomes similar or negligible as the balcony receiver has 
increasing line of sight with the source.  A 1.0m parapet provides 
diffraction attenuation to a balcony receiver seated at 1.2m above the 
balcony floor even at large horizontal distances.  
The effect of balcony ceiling is apparent when comparing Type 1 and 
Type 2. The additional specular reflections from the ceiling raise the SIL 
particularly when close to the source.  The inclusion of a parapet only 
(Type 3) introduces a geometric sensitivity in SIL levels as the parapet 
diffraction attenuation that reduces SIL competes with balcony ceiling 
specular reflection which raises SIL.  The Type 4 balcony with a parapet 
and absorptive ceiling reduces the geometric sensitivity observed in the 
Type 3 balcony. The benefit of an absorptive ceiling is observed in 
Figure 7.1(e) for the Type 5 balcony when compared to Type 2 (Figure 
7.1(b)) by noticeably reducing SIL levels at all elevations when close the 
source. The inclusion of a ceiling shield only appears to contribute little 
to reduce SIL and increases geometric sensitivity the same way a parapet 
does for the Type 3 balcony. The Type 7 balcony with a ceiling shield 
and absorptive ceiling results in an average reduction in SIL of 4dB 
compared to Type 2 where y ≤ 10m and z ≥ 15m.  A parapet and ceiling 
shield combination without ceiling absorption (Type 8, Figure 7.1(h)) 
reduces SIL consistently with increasing elevation and increasing 
horizontal distance. The Type 9 balcony, which includes a parapet, 
ceiling shield and ceiling absorption, provides the greatest overall 
reduction in SIL with particular benefit close to the source.  Generally, 
the Type 9 balcony provides only minor reduction in SIL compared to the 
Type 4 balcony.  
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The results in Figure 7.1 demonstrate that balcony acoustic treatments 
reduce SIL. In other words, improvements to speech communication are 
achieved with the installation of acoustic treatments such as parapets, 
ceiling absorption and ceiling shields.  The actual reductions in SIL 
achieved depend on the combination of treatments and the geometry of 
the street and balcony. The following sections interpret certain aspects of 
the results in more detail.  
7.1.2 Effect of Propagation path  
The overall composition of the SIL is made up of  three categories of 
propagation path namely direct, specular reflection and diffuse reflection.  
Figure 7.2(a) to (i) shows the SIL levels considering each propagation 
path in isolation for balcony types 2, 3 and 9.  These balcony types are 
selected for presentation as Type 2 is the base case, Type 3 demonstrates 
the effect of a parapet only and Type 9 demonstrates the effect of the 
highest degree of acoustic and geometric mitigation studied.  These results 
are based on the opposite building being present at a height of 45m.  
Figure 7.2(a), (b) and (c) shows the SIL from the direct path only.  All 
balcony types have a large range in direct SIL depending primarily on the 
vertical and horizontal location.  The clearest general trend is SIL 
decreases with increasing distance from the source.  The largest range 
occurs close to the source (range = 36.6dB Type 2, 29.3dB Type 3 and 9, 
y = 5m), the least range far from the source (range = 3.7dB Type 2, 
14.6dB Type 3 and 9, y = 100m). Close to the source, the diffraction 
attenuation from the balcony floor contributes significantly to the loss 
above geometric spreading and this loss increases with increasing height 
above the street level as the relative path difference increases.  The 
reduction in SIL for all balcony types 3m above the street is observed to 
be controlled mostly by geometric spreading, except for balconies close 
to the source (y = 5m) where the balcony floor provides noticeable 
diffraction attenuation. Interestingly, the SIL on Type 2 balconies at z = 
90m increases with increasing horizontal distance.  This is due to the 
relative reduction in path difference as the balcony receiver has a greater 
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view of the source when further away.  Consequently, SIL on Type 2 
balconies appears to converge at large horizontal distances.  The same is 
not observed for Types 3 and 9 balconies, as the balcony receiver 
continues to obtain diffraction attenuation from the front parapet edge 
such that a slight range in SIL is present at large hor izontal distances. 
SIL on Types 3 and 9 balconies at z = 90m remains stable for all 
horizontal distances as increasing geometric spreading attenuation and 
decreasing parapet diffraction attenuation tend to balance.  
 
Figure 7.2: Comparison of direct, specular and total diffuse 
propagation paths and their relative influence on SIL for balcony 
Types 2 (a), (d) and (g), 3 (b), (e) and (h) and 9 (c), (f) and (i). 
Opposite building height set to 45m. 
Figure 7.2(d), (e) and (f) shows the SIL from the specular reflection path 
only. For all balcony types, SIL from specular reflection is typically 
greater than SIL from the direct path.  This is not surprising as several 
specular reflection paths will have less diffraction attenuation than the 
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direct path. Reflections off balcony ceilings are noted to be the most 
dominant form of specular reflection.  Although not shown in Figure 7.2, 
the Type 1 balcony without a ceiling had a much lower specular SIL at 
higher elevations (z = 45m to 90m) where the arithmetic average,   , of 
specular SIL was   = 46.7dB compared to the Type 2 (  =55.6dB). Figure 
7.2(d) shows the specular reflection SIL for a Type 2 balcony. SIL 
reduction with increasing distance when z = 3m follows geometric 
spreading attenuation, however not consistently as elevation above the 
street increases. This demonstrates the sensitivity of specular reflection 
paths to certain geometries where dif fraction edges are included. Figure 
7.2(e) presents this further where the effect of the parapet edge 
diffraction results in inconsistency between adjacent geometric locations.  
The Type 9 balcony in Figure 7.2(f) reduces these inconsistencies with 
the inclusion of ceiling shields providing additional diffraction 
attenuation and much higher levels of absorption.  
Figure 7.2(g), (h) and (i) shows the SIL from the diffuse sources only.  
The immediate observation is that SIL reduces rather consistently with 
increasing distance and height.  The effects of diffraction edges are not 
apparent as diffuse energy paths arrive from all possible vectors in the 
street compartment and also the balcony compartment. Upon close 
inspection of the data, it is found that diffuse energy from the street 
compartment dominated over balcony compartment diffusion due to the 
larger surface areas in the street.  The rate of SIL reduction with 
increasing distance does not correspond with a standard rate of geometric 
dispersion because the significant amount of diffuse energy arrives on the 
balcony from its own building façade.  This is a finding similar to that of 
Tang (2005). Thus, diffuse energy from the balconies own building is an 
important consideration, especially as  diffuse pathways contribute 
relatively more to the SIL as distance increases.  The range of diffuse 
energy is narrower than either the direct or specular paths, particularly 
with the Type 2 balcony. The effect of parapets in Type 3 is seen when 
comparing Figure 7.2(g) with Figure 7.2(h) where the range increased 
with Type 3 more notably when balconies are close to the source.  In all 
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balcony types, diffuse SIL converges with increasing horizontal distance.  
This is due to diffuse energy from the balcony building façade becoming 
the increasingly dominant contributor to overall diffuse energy.  Overall, 
it is observed that balcony acoustic mitigation designs are more effective 
at attenuating diffuse paths when higher above the street, as seen in 
comparing SIL curves at z = 90m between Figure 7.2(g), (h) and (i).  
There are a number of overall conclusions from this section.  Firstly, at 
relatively low height levels and close to the source, specular ene rgy paths 
contribute most to the SIL, followed by the direct path and lastly diffuse 
paths. The diffuse path is a significant order of magnitude below both 
other paths. Secondly, at relatively high elevations above the street but 
relatively close to the source, the direct path contributes the least to the 
balcony SIL. Specular reflection is the dominant contributor; however 
diffuse paths are not insignificant.  Thirdly, at relatively far distances and 
low elevations, all propagation paths tend to contribute similarly to the 
SIL on Type 2 balconies.  With Types 3 and 9 balconies the specular path 
tends to contribute most to the SIL, with direct and diffuse paths also 
being significant. Fourthly, at relatively far distances and high elevations, 
(i) the specular path is the largest contributor to SIL for Types 3 and 9 
balconies while the direct path contributes least, and (ii) diffuse paths are 
comparable to specular paths.  The SIL on Type 2 balconies is made up of 
similar contributions from all propagation paths.  
7.1.3 Effect of Opposite Building 
It is necessary to investigate the effect of the presence or absence of 
opposite buildings. This study calculated two scenarios, no building or a 
building of constant 45m height.  To compare its effect on the SIL, the 
balcony types are placed into three groups, (i) Type 1 as it has no ceiling 
or parapet, (ii) Types 2, 5, 6 and 7 being those with a ceiling but without 
a parapet (iii) Types 3, 4, 8 and 9 being those with a parapet and ceiling.  
Two propagation paths are investigated , (i) specular and (ii) diffusion 
from the street (compartment 1 only).  Figure 7.3(a), (b) and (c) presents 
the opposite building effect on the specular path while (d), (e) and (f) 
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shows the effect on diffusion paths from compartment 1. 
Type 1 balconies demonstrate a pronounced sensitivity to the effect of 
opposite buildings on specular reflection SIL (Figure 7.3(a)). This is due 
to the absence of specular reflection from a balcony ceiling.  The increase 
in specular SIL tends to be highest when the balcony height is similar to 
the height of the opposite building (45m in this study).  At high elevations 
(z = 90m) the effective increase is lower.  The least effect of opposite 
buildings occurs when balcony elevations are  low (for example, z = 3m) 
and there is almost a negligible increase close to the source because the 
specular reflection from the ground plane dominates despite some 
diffraction attenuation from the balcony floor edge.  It is noted here that 
the opposite buildings are 20m away from the source, so an approximate 
propagation distance for a first order specular reflection from the 
opposite building to a balcony 5m away is close to 45m (approximately 9 
times the propagation distance of a specular reflection from the ground 
plane). Consequently it is expected that there is a convergence of the 
increase in specular SIL due to opposite buildings when the balcony is far 
from the source (y = 100m) of just less than 3dB as the overall 
propagation distances of all first  order specular reflections become 
relatively similar.  
The effect on specular SIL due to opposite buildings with balcony types 
with a ceiling (Types 3, 4, 8 and 9 shown in Figure 7.3(b); Types 2, 5, 6 
and 7 shown in Figure 7.3(c)) demonstrates that the increase in specular 
SIL is significantly less than Type 1 balconies due to the presence of the 
ceiling. This confirms that specular reflections from balcony ceilings are 
significant contributors to overall sound pressure levels on balconies. 
Nevertheless, the presence of an opposite building will generally raise 
specular SIL by 0dB to 3dB consistently across all horizontal distances 
and balcony elevations above street level.  
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Figure 7.3: Impact of presence of opposite building on specular 
path (a), (b) and (c) and on diffusion from street (d), (e) and (f) for 
balcony Type 1 (a) and (d), Types 3, 4, 8, and 9 (b) and (e); Types 
2, 5, 6, 7 (c) and (f). Opposite building set to either 0m or 45m. 
Effects on the diffuse path due to opposite buildings are found to have 
different characteristics than the effect on specular paths.  The effect of 
the leading edge of balcony floor on attenuating the diffuse path is 
apparent in Figure 7.3(d) where the increase in diffuse energy due to 
opposite buildings increases with increasing balcony elevation until the 
balcony elevation exceeds the height of the opposite buildings.  When this 
occurs, it is almost ensured that  the balcony floor edge will begin to 
provide some diffraction attenuation to all diffuse path arrival vectors.  
For a Type 1 balcony, the increase in diffuse SIL from an opposite 
building is generally consistent with increasing horizontal distance from 
the source within 40m; however, there appears to be a convergence a t 
long horizontal distances (100m) such that the diffuse SIL is less 
dependent on balcony elevation.   
Balcony Types 2, 5, 6 and 7 (Figure 7.3(f)) demonstrate an overall 
similar effect on diffuse SIL as the Type 1 balcony, however on closer 
inspection a slight difference is observed primarily due to the diffraction 
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attenuation from the introduction of the balcony ceiling shields.  The 
diffraction attenuation is enhanced slightly with ceiling shields on Types 
6 and 7. This minor reduction in diffuse SIL is observed at low elevation 
balconies (z = 3m to 6m) when a significant proportion of diffuse arrival 
vectors come from above the balcony from the opposite buildings.  
Figure 7.3(e) for Types 3, 4, 8 and 9 demonstrates the average effect of 
parapet and ceiling shield diffraction on the diffuse path from the street.  
When the balcony elevation is similar to the average height of the 
diffusion patches on the opposite building, the range of propagation 
distances is relatively smaller and the likely arrival vector will be over 
the parapet and under any ceiling shield resulting in lower diffraction 
attenuation. When most of the diffuse energy arrives from a vecto r above 
the balcony (for example, z =3 to 15m) the parapet edge provides very 
little diffraction attenuation.  
Generally, across all balcony types, the overall increase in diffuse SIL 
from opposite buildings ranges between 0.5dB to 2.5dB.  There is a 
complex interaction between street surface, balcony building façade and 
opposite buildings and the resultant diffuse SIL on the balcony.  The main 
variable controlling the diffuse SIL on the balcony is the average arrival 
vector followed by the average propagation distance. Similar to specular 
SIL, the effect of an opposite building on diffuse SIL is to raise diffuse 
energy by less than 3dB. This finding is expected considering that diffuse 
path from the balconies own building façade will tend to dominate the 
contribution to diffuse SIL.  
7.1.4 Reference Position 
It is essential to develop an understanding of the acoustic effect of the 
balcony as a whole. This is done by comparing the SIL on the balcony 
with the SIL at the reference position and taking the difference, deno ted 
here as ‘SIL’. Most environmental road noise calculation methods and 
software will predict road traffic noise at a plain façade, and not allow 
for the possible attenuation effect of a balcony.  Thus, Figure 7.4 shows 
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the calculated SIL for each balcony type studied.  
The first comparison to make is between Type 1 (no ceiling) Figure 7.4(a) 
and Type 2(ceiling) Figure 7.4(b). The influence of the balcony ceiling is 
significant because SIL for Type 2 is generally -3dB to 0dB where for 
Type 1 SIL is -9dB to 0dB. The greatest SIL occurs close to the source 
and approaches 0dB at far distances.  This demonstrates that any 
diffraction attenuation afforded by the balcony floor is greatly offset b y 
specular reflection increases provided by a balcony ceiling for any street 
geometry when close to the source.  Far from the source, the arrival 
vectors for the balcony and reference receivers are similar so diffraction 
attenuation and specular reflections will also have similar magnitudes, 
thus SIL approaches 0dB. 
 
Figure 7.4: Comparison of SIL between balcony receiver and 
reference receiver for Types 1 to 9 balconies ((a) to (i) 
respectively) with varying street height and width. Opposite 
building height set to 45m. 
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The SIL for balconies with a parapet but no ceiling shield (Type 3, 4) 
are shown in Figure 7.4(c), (d) respectively.  Type 3 balconies (parapet, 
no absorption or ceiling shield) are the most sensitive balconies to 
geometric locations.  The effects of parapet diffraction attenuation and 
specular ceiling reflection can, in some geometric scenarios, combine to 
enhance or diminish SIL. The introduction of ceiling absorption, Type 4 
balconies, makes some improvement to reduce balcony SIL compared to 
Type 3, but is most effective near to the source (Figure 7.4(d) y = 5 to 
20m). The inclusion of a parapet enhances SIL at y = 5m to range 
between -3dB and -6dB, compared to -2dB to -3dB for a Type 2 balcony.  
At y = 5m, the range of SIL for Type 1 balconies is -7dB to -13dB, so 
the inclusion of a parapet does not fully counteract the SIL increases 
produced by the ceiling reflections.  However, far from the source, the 
parapet provides diffraction attenuation which can, in some geometric 
scenarios, ensure SIL is between -12dB and 0dB. Like the discussion 
above, this is due to the similarity in arrival vectors, and the lower 
likelihood of successful specular reflections off the ceiling to the balcony 
receiver. 
The effect on SIL of an absorptive ceiling only is observed by 
comparing Types 2 and 5 balconies (Figure 7.4(b) and (e) respectively).  
Similar with other balcony types, SIL for Type 5 converges to 0dB at 
far distances because of arrival vector similarity.  However, close to the 
source the absorptive ceiling enhances SIL to be within a range of -8dB 
to -4dB, which is an enhancement of approximately 1.5dB to 5dB.  The 
effect on SIL of including only a ceiling shield (Type 6, Figure 7.4(f)) 
demonstrates some minor improvement compared to a Type 2 balcony but 
only when geometries combine in such a way as to ensure the ceiling 
shield reduces specular reflection via diffract ion attenuation. As the 
balcony receiver is 1.2m above the balcony floor, the ceiling shield is 
only successful in additional noise reduction compared to the reference 
receiver for selected geometries.  The combined ceiling absorption and 
ceiling shield arrangement (Type 7, Figure 7.4(g)) demonstrates SIL 
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results that are remarkably similar with a Type 1 balcony.  
The SIL for balconies with a parapet and ceiling shields with optional 
absorption (Type 8 and 9) are shown in Figure 7.4(h) and (i) respectively.  
A Type 8 balcony demonstrates significant effectiveness of combined 
parapet and ceiling shields when the balcony is close to the source and 
very low elevation (y = 5m, z = 3m) however at higher elevations (y = 
5m, z ≥ 6m) the combined effect reduces to being similar to a Type 3 
balcony. Yet unlike Type 3 balconies, the Type 8 balcony sustains its 
enhancement of SIL for increasing horizontal distances such that SIL 
is at least -4dB for all elevations up to a horizontal distance of 20m. The 
Type 8 balcony is generally not as effective as a Type 4 balcony in 
enhancing SIL that confirms the finding that an absorptive ceiling 
reduces SIL on the balcony better than a ceiling shield individually.  
However, the combination of parapet, ceiling shields and ceiling 
absorption provided in Type 9 balconies generates the greatest overall 
enhancement of SIL. Close to the source (y = 5m and 10m) the range of 
SIL is -13dB to -9dB for all elevations. The SIL for Type 9 is 
consistently between -9dB and -12dB up to horizontal distances of 40m 
and elevations greater than 30m (y ≤ 40m, z ≥ 30m).  At far horizontal 
distances (y = 100m), there is little difference between Type 3, 4, 8 and 9 
balconies, demonstrating that parapet attenuation dominates the SIL at 
far distances. 
7.2 SPEECH TRANSMISSION INDEX 
In contrast with the SIL, the STI takes account of the reverberation time 
at the listeners position, in this case the balcony receiver.  Reverberation 
times in street canyons are highly dependent on the source location and 
receiver location, in particular the distance between the receivers.  The 
STI takes account of the background noise level where, as outlined in the 
previous SIL results section, the background noise on a balcony varies 
considerably with street geometry and balcony type.  The results 
following here firstly presents the predicted reverberation times and 
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secondly reviews the predicted STI for all balcony types investigated 
with varying street geometry.  All results presented in this section include 
opposite building at a height of 45m.  
7.2.1 Reverberation Time 
The predicted EDT and RT60 is calculated for all of the 670 scenarios and 
both are used for each scenario’s specific STI calculation.  Figure 7.5(a) 
and (b) presents a summary of the EDT and RT60 results respectively and 
also, the difference between RT60 and EDT is calculated and presented in 
Figure 7.5(c). To generate Figure 7.5, the arithmetic average of all 
balcony types is calculated for the purpose of demonstrating the effect of 
street geometry on RT60 and EDT however this average is not used in 
later analysis comparing balcony types.  
There are no appreciable differences in the reverberation times between 
the balcony types, except a slight increase in EDT for balconies with a 
parapet. This is attributed to additional early diffuse reflections from 
increasing the surface area of the balcony space.   
 
 
Figure 7.5: Calculated EDT (a), RT60 (b) and difference (c) with 
varying street height and width averaged across all balcony types. 
Opposite building height set to 45m. 
Referring to Figure 7.5, the EDT remains unchanged with increasing 
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distance, for example at 15m elevation EDT is 0.84s, 0.87s and 0.84s at 
distances 5m, 10m and 20m respectively.  Regardless, EDT increases as 
the elevation of the street canyon increases, for example, ED T is 0.3s, 
0.6s, 0.9s, 1.1s, 1.3s, 1.3s and 1.8s at elevations of 3m, 6m, 15m, 30m, 
45m, 60m and 90m respectively.  This outcome is primarily due to longer 
arrival times of important early reflections.  At horizontal distances 
greater than 20m, EDT generally increases both with horizontal distance 
and elevation and then appears to converge by becoming less dependent 
on the balcony elevation. To demonstrate the apparent convergence, the 
range of EDT at y = 40m is 1.0s (1.1s at z = 15m; 2.1s at z = 90m) and 
0.6s (2.3s at z = 3m; 2.9s at z = 90m) at y = 100m.  As the horizontal 
distance increases, the spread of arrival times between the direct and 
early reflections increases, particularly the first order specular reflection 
off opposite buildings. Additionally, the arrival time of strong and early 
first order diffuse reflections off the balcony building façade 
(compartment 1) and within the balcony space (compartment 2) will be 
spread out. However, due to the relatively small surface area of 
compartment 2 compared to the surface areas in compartment 1, early 
diffuse reflections from the balcony space do not contribute greatly to the 
overall EDT decay slope. The reason for the EDT’s converging trend at 
far distances is due to the propagation distance becoming increas ingly 
similar for all balcony heights thus ensuring arrival times of early 
reflections become increasingly similar for different balcony elevations.  
Table 7.2 presents the arithmetic average of the EDT for all balcony types 
grouped according to horizontal and vertical position, (i) y = 5m to 20m, 
(ii) y = 40m to 100m, (iii) z = 3m to 15m and (iv) z = 30m to 90m.  These 
overall results show the EDT increasing when further from the source 
which induces a larger surface area surrounding the street canyon. 
In Figure 7.5(b), the RT60 is demonstrated to have less range (0.37s to 
1.1s) than the EDT and lower sensitivity with reduced standard deviation 
‘ ’ (  = 0.16s) with balcony elevation compared to the EDT (  = 0.71s). 
The RT60 increases slightly with increasing horizontal distance which is 
expected as arrival times of strong reflections are increased. RT 60 
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increases with increasing balcony elevation, again a result of increasing 
arrival times of strong reflections. The overall range of RT60 is 0.73s. 
Table 7.2 shows the overall arithmetic average RT 60 for the four groups 
described above for EDT. Like EDT, RT60 increases when the receiver is 
further from the source.  
Table 7.2: Average EDT and RT60 results 
Parameter Elevation (z) 
Distance (y) 
5m-20m 40m-100m 
EDT 30m-90m 1.4s 2.2s 
 3m-15m 0.6s 1.9s 
RT60 30m-90m 0.7s 0.9s 
 3m-15m 0.5s 0.8s 
    
The difference between RT60 and EDT is shown in Figure 7.5(c), where a 
negative value means EDT is greater than RT 60. The EDT is generally 
longer than the RT60 by 0.8s which is on average a consequence of strong 
early reflections, except for low balcony elevations and short distances to  
the source (y ≤ 20m, z = 3m).  
7.2.2 Effect of Balcony Type on STI  
The STI is calculated for all scenarios using EDT and RT 60, denoted 
STIEDT and STIRT60 respectively. As there can be a significant difference 
between the STIEDT and STIRT60 which affects the calculation of STI, for 
the purpose of this research to present the overall trends in STI, the 
arithmetic average of STIEDT and STIRT60 is used to calculate the STI.  The 
results presented in Figure 7.6 for each balcony type are in terms of this 
average STI. It is recognised that a more detailed analysis on the 
differences between STIEDT and STIRT60 could be performed; however, 
this is left for a future study.  The first observation gained from inspection 
of Figure 7.6 is that trends in STI with balcony type are very similar to 
the trends observed with SIL.  The STI results demonstrate that speech 
communication is near to impossible close to the road traffic noise 
source. STI can be divided into categories of ease of speech 
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communication, such as; ‘Bad’ (STI = 0 to 0.3), ‘Poor’ (STI = 0.3 to 
0.45), ‘Fair’ (STI = 0.45 to 0.6), ‘Good’ (STI = 0.6 to 0.75) and 
‘Excellent’ (STI = 0.75 to 1.0).  A large number of scenarios (65%) 
calculated achieved a rating of ‘Bad’.  A very small number (4%) of 
scenarios (Types 4 and 9, z = 90m) achieved ‘Fair’ while the remaining 
scenarios (31%) achieved ‘Poor’.  
The overall range and arithmetic average,   , of STI on each balcony types 
is shown in Table 7.3. Type 3 balconies have the largest variability, 
whereas Type 2 has the lowest variability in terms of range of STI values. 
As the effect of balcony type on STI results follow the same trends as for 
SIL, the repeat of the analysis of reasons will not be presented in this  
section. Overall, STI improvements due to balcony acoustic treatments 
are greater closer to the source. The treatment type that is most effective 
in improving STI compared to Type 2 is the Type 3 with parapet only, 
followed by the parapet with ceiling absorption (Type 4). The most 
improvement is obtained with Type 9 which includes a parapet, ceiling 
absorption and ceiling shield. However, like SIL, the STI is not generally 
improved with the inclusion of a ceiling shield. In summary, balcony 
acoustic treatments will provide improvement in speech communication 
in terms of STI. 
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Figure 7.6: Speech transmission index for Types 1 to 9 balconies 
((a) to (i) respectively) with varying street height and width. 
Opposite building height set to 45m. 
Table 7.3: STI results with balcony type 
Balcony Type Min Max   
1 0.03 0.45 0.24 
2 0.00 0.33 0.19 
3 0.01 0.46 0.26 
4 0.04 0.47 0.31 
5 0.02 0.42 0.22 
6 0.02 0.36 0.20 
7 0.02 0.43 0.23 
8 0.05 0.46 0.28 
9 0.08 0.49 0.32 
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7.3 SPEECH INTERFERENCE DISCUSSION 
In an attempt to summarise the findings, Figure 7.7 presents the average 
effect of balcony type of STI and SIL relative to Type 2.  The STI is 
calculated for each balcony type assuming only energy from each 
individual path (direct, specular or diffuse) is present.  The average is 
taken across all horizontal distances and all elevations.  The Type 2 
balcony is taken as the reference balcony as it is li kely to be the most 
common form of non-acoustic balcony. Three groups were established, (i) 
Type 1, (ii) balconies without a parapet (Types 5, 6, and 7), and balconies 
with a parapet (Types 3, 4, 8, and 9).  The relative STI is calculated as a 
percentage, whereas the relative SIL is in terms of dB.   Reviewing the 
relative STI in Figure 7.7(a), the balcony that provides the highest total 
relative improvement in STI (174%) is Type 9.  Type 4 is second best 
(167%), followed by Type 8 (151%), 3 (139%), 1 (130%), 7 (124%), 5 
(120%) and finally 6 (108%). The relative specular STI follows a similar 
trend to the total, which indicates the importance of specular reflections 
on the overall total.  The direct path shows no relative difference for any 
balcony without a parapet, but a consistent improvement of 
approximately 123% for balconies with a parapet.  A similar effect occurs 
for the diffuse path, but less in magnitude than the direct path because of 
the multiple arrival vectors possible with diffuse energy. 
Figure 7.7(b) presents the relative SIL with similar results to that of the 
relative STI. However, one notable difference is the direct and diffuse 
path contributions to the relative level. The parapet provides a distinct 
average reduction in SIL of close to 6dB in the direct path and 4dB in the 
diffuse path. It is clear from Figure 7.7, that despite some significant 
differences in STI or SIL depending on street geometry, the overall effect 
of balcony acoustic treatments in the form of parapets, ceiling absorption 
and ceiling shields is to improve speech communication by reducing SIL 
and increasing STI.  
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Figure 7.7: Overall average STI (a) and SIL (b) normalised relative 
to Type 2 balconies. Opposite building height set to 45m. 
There remains some advancement that could be made to enhance the work 
in the future, such as (1) more balcony and street sizes with diverse 
absorption and diffusion coefficients; (2) multiple traffic sources and 
varying vehicle classes such as trucks; (3) varying distances between 
source and opposite buildings; (4) upgrading the model to compliment 
more intricate geometric designs, (5) including road traffic dynamics, and 
(6) calculating low elevation balconies situated on high elevation 
buildings. However, it is expected that the range of geometric scenarios 
investigated for this study provides results which could be extrapolated to 
a number of unexplored scenarios.  
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CHAPTER 8 RESULTS - BALCONY MEASUREMENTS 
The measured and predicted results are presented in two forms, (i) SIL 
difference between any balcony position and the reference position where 
a negative value indicates the balcony position SIL is lower than the 
reference position SIL, and (ii) the overall SIL. The measurements, sound 
power levels and theoretical predictions are all in 1/3 octave bands, 
however the results presented here are only in terms of the SIL. 
Consequently, extraneous events such as truck engine compression 
braking or similar low frequency exhaust noise will not directly influence 
the measured SIL results.  
8.1 SOURCE CHARACTERISTICS 
Firstly, it is important to indicate the relative constancy of the measured 
source energy as the measurements are taken at various times thr oughout 
the day. The 𝑆𝐼      at the reference position and the average 𝑆𝐼      for 
all positions within the balcony space is plotted in Figure 8.1. This graph 
shows that over the duration of the measurements, 𝑆𝐼      at the reference 
position does not fluctuate more than 6.8  dB including a clear extraneous 
event at 2:05pm. If this event is removed, the fluctuation range reduces to 
3.9 dB which shows that the road traffic noise source is very constant. 
Due to the diffracting edges on the balcony and the geometric differences 
for all balcony measurement positions it is expected that the fluctuations 
within the balcony measurements over time will be much higher than at 
the reference position. It can be seen for the average 𝑆𝐼      within the 
balcony a periodic increase and decrease over time, which is a result of 
the microphones being moved closer and further from the front edge of 
the balcony respectively. The fluctuation range in 𝑆𝐼      within the 
balcony space is 8.4 dB with an overall average 𝑆𝐼      of 59.5 dB. Thus, 
overall, the average difference between 𝑆𝐼      within the balcony minus 
the reference position is -9.9 dB. 
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Figure 8.1: SILmeas at the reference position and the average SILmeas 
across all receivers within the balcony space 
8.2 MEASURED SIL (SILmeas) 
Investigating the spatial variance across the four horizontal measurement 
planes reveals the attenuations provided by the parapet and ceiling shield. 
This is in terms of  𝑆𝐼      which is equal to the difference between the 
reference 𝑆𝐼      and the balcony position 𝑆𝐼     . These attenuations 
can be observed in Figure 8.2. At zb=0.6m (Figure 8.2(a); zb is the height 
above the balcony floor) 𝑆𝐼      on the balcony is relatively constant, 
being between -10 dB to -12 dB below the reference 𝑆𝐼     . This is 
because this plane is all within the diffraction shadow zone of the parapet 
and it is within this plane that diffusion ambience, 𝑆𝐼    , is dominant. 
When zb=1.2m (Figure 8.2(b)) which is similar to the height of the 
parapet, the range in  𝑆𝐼      is greater close to the parapet and at 
similar height to it, diffraction attenuation becomes significantly less. At 
a height of 1.8m above the balcony floor (Figure 8.2(c)) neither the 
parapet or ceiling shield are providing diffraction attenuation near to the 
road, however with increasing distance from the road (towards the rear of 
the balcony) the difference in  𝑆𝐼      increases. The range in the 
difference of  𝑆𝐼      when zb=1.8m is from -3 dB to -12 dB (-9 dB 
range) which demonstrates the significance of location within the balcony 
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space. The highest horizontal measurement plane (z b=2.8m) (Figure 
8.2(d)) is partially within the attenuation zone of the ceiling shield and 
this attenuation can be seen as an area of approximately -5 dB reduction 
behind the ceiling shield. In this plane, difference in  𝑆𝐼      ranges 
from -5 dB to -13 dB demonstrates the effectiveness of ceiling shields in 
reducing specular reflection intensity off the ceiling plane.  
 
Figure 8.2: SILmeas contours over horizontal planes (a) zb=0.6m, 
(b) zb=1.2m, (c) zb=1.8m, and (d) zb=2.8m 
8.3 PREDICTED SIL (SILpred) COMPARED TO SILmeas 
During the calculation of 𝑆𝐼     , the calculation of 𝑆𝐼     is determined 
to be equal to 53.7 dB. 𝑆𝐼     is compared to the overall arithmetic 
average of the measured minimums, Lmin, which is 56.4 dB, and thus is 
considered to be an adequate correlation.  𝑆𝐼      is compared to 𝑆𝐼      
in Figure 8.3 by comparing the spatial variation in a vertical plane along 
the centre of the balcony space (x b=0). The first comparison is the 
difference with the measured and predic ted reference position SIL in 
Figure 8.3(a) and Figure 8.3(b) respectively. Both measured and 
predicted SIL differences demonstrate similarities  but it is observed that 
the theoretical model overestimates the intensity of ceiling reflection 
which could be due to (i) geometric sensitivity in the model in using 
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conglomerated vehicle point sources, or (ii) underestimating the 
absorption capacity of the ceiling, or (iii) overestimating the intensity of 
higher specular reflection orders (orders greater than two). The predicted 
SIL difference in the illuminated zone of the balcony space is less than 
the same zone from the measurements, particularly near the illuminated 
part of the ceiling. This indicates that the third reason listed above is the 
more likely cause of the overestimation in predicted SIL in the shadow 
zone. There is strong similarity in the overall magnitudes of the 
reductions provided by the balcony compared to the reference position, 
with the range of measured and predicted SIL differences being between -
1 dB to -12 dB. Directly comparing 𝑆𝐼      (Figure 8.3(c)) and 𝑆𝐼      
(Figure 8.3(d)) highlights the same differences observed in Figure 8.3(a) 
and (b). However, it is observed that there is almost an exact correlation 
between 𝑆𝐼      and 𝑆𝐼      in the illuminated zone which indicates that 
the derived average Lw for all the theoretical point sources is  reasonably 
close to actual conditions. The spatial variance behind the parapet and 
over the rear balcony façade is relatively constant for 𝑆𝐼      compared 
to 𝑆𝐼     . In this zone, 𝑆𝐼      is approximately 3 dB lower which 
suggests the theoretical prediction underestimates the diffusion energy, 
𝑆𝐼    . Another possible reason for the difference is that the parapet has 
10mm gaps between adjacent panels and approximately 30mm 
overlapping gap between the parapet and the  balcony floor which may 
reduce the attenuation benefits of the parapet. Although transmission 
through the parapet panels is not included in the predictions, it is not 
considered that intensity from such paths will significantly add to 
𝑆𝐼     . Although 𝑆𝐼      appears to underestimate diffuse energy, the 
difference of 3 dB is considered an acceptable result taking into account 
the need to develop a fast calculation method.  
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Figure 8.3: Measured and calculated SIL contours in central 
vertical plane (a) SILmeas, (b) SILpred, (c) SILmeas, and (d) SILpred. 
8.4 BALCONY MEASUREMENT DISCUSSION 
The theoretical model and the prediction configuration achieve an 
adequate level of correlation with the measurements. The prediction 
configuration allows relatively fast calculations to be performed whilst 
maintaining an acceptable level of simulation of actual high density road 
traffic noise. Thus, the aims of this study are fulfilled by demonstrating 
that (i) the combined specular reflection and diffusion theoretical model 
is capable of simulating actual road traffic noise, and (ii) this can be 
achieved via a fast prediction configuration set up. It is noted that the 
study does not explicitly explore low tra ffic flow roads or the extreme 
scenario of a single moving vehicle. However, as 𝑆𝐼      is derived from 
predictions of singular vehicles passing the balcony receiver it is 
(a) Measured SIL Difference to Reference
(c) Measured SIL
(b) Predicted SIL Difference to Reference
(d) Predicted SIL
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reasonable to expect that the theoretical model can be set up with a low 
traffic flow prediction configuration to satisfactorily predict low traffic 
flow situations if needed. Considering it is high traffic flow scenarios 
that are likely to cause higher incidence of health effects  (Naish, Tan and 
Demirbilek 2012a), the ability for an acoustic professional, architect or 
town planner to quickly asses high traffic flow situations is more 
important than low traffic flow scenarios in terms of improving the 
quality of life for communities.  
The SIL indicator can be used as a direct comparison betwe en different 
balcony designs and their effects on mid-frequency Lp. Although in this 
study some minor differences are apparent between 𝑆𝐼      and 𝑆𝐼     , 
these differences do not prevent the development of design guides based 
on a comparative type analysis. Practical design guides would provide the 
building design and town planning professionals an efficient and broad  
scale application of optimised balcony acoustic treatments. Wider 
application of balcony acoustic treatments will assist the reduction of 
road traffic noise induced annoyance across communities.  
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CHAPTER 9 RESULTS - DESIGN GUIDE DEVELOPMENT 
9.1 REFERENCE SPL 
The simulation provided effectively the same SPL at the reference 
position for all scenarios and geometric configurations, as presented in 
Figure 9.1. In the figure it is observed that the SPL contours are 
dominated by the direct level.  This is expected for the reference position 
as it is not subjected to diffraction from any balcony edges.  The reference 
position SPL in Figure 9.1 is used to calculate the difference in SPL for 
Scenario1 (Type 1 - Figure 9.2; Type 2 - Figure 9.3) and Scenario 2 
(Type 1 - Figure 9.4; Type 2 - Figure 9.5), respectively. 
 
Figure 9.1: Predicted level at reference position for Scenarios 1 and 
2  
9.2 SCENARIO 1: TYPE 1 - 2 METRE DEEP 
Inspection of Figure 9.2 reveals that balcony floor edge diffraction does 
not provide any reduction to the center of a balcony until the balcony 
floor is shielding the receiver. The contours show that at low elevations, 
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the pattern is the same as the reference level shown in Figure 9.1. 
However, once the balcony floor edge provides diffraction attenuation 
and the more the balcony overlooks the road the reduction in SPL 
becomes increasingly significant. The zone with the highest predicted 
difference is 7 dB(A) at around 20m from the road axis and 20m to 40m 
above the road surface. Although the predicted contours do not exceed 
60m above the street surface, it is hypothesised that there will be lower 
attenuation efficacy with increasing height due to the reducing path 
difference as direct distances increase.  Consequently, for this scenario, 7 
dB(A) may be the highest attenuation that can be expected.  
9.3 SCENARIO 1: TYPE 2 - 2 METRE DEEP 
The introduction of a ceiling on a 2m deep balcony shows a vastly 
different result compared to the Type 1 balcony. The results contours are 
presented in Figure 9.3 and demonstrate the effect of ceiling reflection. 
There is an attenuation efficiency zone, which presents as a band of 
approximately 3 dB(A) attenuation at an angle of approximately 50 
degrees from the central axis of the road. This result clearly demonstrates 
the outcomes of geometric sensitivity and the importance of spreading 
road traffic noise sources across multiple lanes. The width and angle of 
this zone of relatively higher attenuation is a function of the width of the 
road (number of lanes), the separation distance of the opposite build ings 
and the depth of the balcony ceiling. These results also demonstrate the 
importance of the balcony ceiling being absorptive or reflective back to 
the street canyon or both.  
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Figure 9.2: Predictions for Scenario 1 with a Type 1 balcony (a) 
sound pressure level dB(A) at balcony position and (b) difference 
between balcony position and reference position dB(A). 
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Figure 9.3: Predictions for Scenario 1 with a Type 2 balcony (a) 
sound pressure level dB(A) at balcony position and (b) difference 
between balcony position and reference position dB(A). 
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9.4 SCENARIO 2: TYPE 1 - 4 METRE DEEP 
Increasing the depth of the balconies from 2m to 4m provides an 
interesting comparison and estimation of the vastly different performance 
of the two geometries. Firstly, the increased depth provides significantly 
higher diffraction attenuation for a receiver on Type 1 balconies, as 
shown in Figure 9.4. The level of attenuation reaches 15 dB(A) at high 
elevations and low horizontal separation distance to the road.  Due to the 
leading balcony floor edge providing significant path differences, 
attenuation could be hypothesised to remain high with elevations much 
greater than 60m. The obvious difference between these results and those 
from the 2m deep balcony demonstrates the importance of the balcony 
geometry when considering overall noise levels and maximum noise 
levels from a vehicle pass-by. This is an important consideration if sleep 
disturbance was being investigated.  
9.5 SCENARIO 2: TYPE 2 - 4 METRE DEEP 
The 4m deep Type 2 balcony also provides significantly different results 
(shown in Figure 9.5) to the 2m deep Type 2. The contours appear to 
demonstrate two zones of relatively higher attenuation. The first zone is 
hardly noticeable, being around 1 dB(A), but it extends out from the road 
center at approximately 20 degrees. On closer comparison with the 4m 
deep Type 1, this zone is due to the onset of floor diffraction introduced 
by being 4m deep. The second zone ranges from 1 dB(A) to 5 dB(A) and 
is placed where the balconies are overlooking the road center axis. This 
indicates the effect of the balcony floor diffracting edge providing 
diffraction attenuation to specular reflections paths arriving at the ceiling 
surface. This effect was not present with the 2m deep Type 2, as the 
leading balcony floor edge was not deep enough to shield strong direct or 
specular reflections towards the ceiling surface. 
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Figure 9.4: Predictions for Scenario 2 with a Type 1 balcony (a) 
sound pressure level dB(A) at balcony position and (b) difference 
between balcony position and reference position dB(A). 
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Figure 9.5: Predictions for Scenario 2 with a Type 2 balcony (a) 
sound pressure level dB(A) at balcony position and (b) difference 
between balcony position and reference position dB(A). 
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9.6 EARLY DESIGN GUIDE DEVELOPMENT DISCUSSION 
The early design guide results presented above outline the high levels of 
geometric sensitivity that are present for balconies located in street 
canyons. They show there must be a delicate balance between pragmatism 
for practitioner’s usage and theoretical research on street canyon 
acoustics. The author believes that the assumptions made in the 
development of this methodology meet the required balance 
appropriately.  
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CHAPTER 10 RESULTS - FINAL DESIGN GUIDES 
In total, the results database contains 9720 scenar ios, which is 4860 
scenarios each for 𝑆𝐼         and 𝑆𝐼        and divided into 540 cases for 
each balcony type per balcony receiver. This number of cases is 
considered an appropriate sample size on which to compute regression 
when balanced against the greatly increased study calculation time if 
significantly more scenarios were to be investigated.  
Overall statistical distribution of calculated  𝑆𝐼  is presented in Figure 
10.1 in the form of quartile plots (minimum, 25
th
 percentile, arithmetic 
mean, 75
th
 percentile, maximum) for each balcony type and receiver 
position within the balcony (balcony receiver or façade receiver). These 
quartile plots demonstrate the large range of  𝑆𝐼  that can be expected 
from any balcony type. Types 1, 4, 5, 7 and  9 have the largest ranges 
which are due to either no ceiling, or ceiling with absorption. This effect 
is also observed when comparing no parapet Type 1 and Type 5 balconies 
that have very similar statistical distributions and mean indicating that 
the ceiling absorption of the Type 5 balcony effectively converts a Type 2 
balcony into a Type 1. Comparing parapet balconies Type 3 and 4 and 
their statistical distributions shows the significant increase in  𝑆𝐼  mean 
and widening of the range between the 25
th
 and 75
th
 percentiles due to the 
introduction of ceiling absorption. The effect of ceiling shields on 
balconies is demonstrated by comparing Type 2 with Type 6 balconies, 
Type 3 with Type 8 balconies and Type 4 with Type 9 balconies; where it 
appears that ceiling shields alone have a limited effect on a small number 
of scenarios. Ceiling shields appear to be more effective in increasing 
 𝑆𝐼   rather than  𝑆𝐼   which is an interesting finding and is observed by 
comparing the mean  𝑆𝐼   for Types 4 and 9 balconies. As expected it is 
the Type 9 balcony with the greatest level of acoustic treatment that has 
the highest 25
th
 percentile, mean, 75
th
 percentile and maximum  𝑆𝐼 . 
However, the Type 4 balcony would, in many circumstances, be the more 
cost beneficial balcony acoustic treatment in terms of  𝑆𝐼 . 
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Figure 10.1: Statistical distribution of calculated ∆SIL for (a) 
balcony and (b) façade. 
This chapter firstly conducts an inspection on the correlation of some of 
the continuous variables to  𝑆𝐼 , largely to show that individually, 
variables have limited to no correlation to  𝑆𝐼 . Secondly, it is 
demonstrated how the direct to specular ratio variable, 𝑆𝐷 , is generated 
for further use in the compiled design guide. Finally, the compiled design 
guide is developed and presented.  
10.1 INSPECTION OF THE VARIABLES 
It is found from the calculated data, largely as expected, that there is  
little to no correlation between  𝑆𝐼  and other continuous variables 
 𝐷               . Figure 10.2 shows the scatter plot diagrams of each of 
these four variables versus both  𝑆𝐼   and  𝑆𝐼   where it is observed 
there is no obvious trend in the data. The scatter plots of   (Figure 
10.2(a)) and    (Figure 10.2(b)) confirm horizontal and vertical distances 
away from the source are, by themselves, inappropriate variables for the 
development of design guides. 𝐷    (Figure 10.2(c)) appears to have the 
highest correlation of these four variables where a direct relationship is 
emerging, however variability is too high to be relied upon solely to 
predict  𝑆𝐼   or  𝑆𝐼  . Finally,      , (Figure 10.2(d)) shows no potential 
relationship with  𝑆𝐼   or  𝑆𝐼  . Consequently, it is necessary to 
combine many variables in order to obtain a su itable prediction algorithm 
to support the development of the intended design guide. The following 
sections demonstrate how this is achieved.  
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Figure 10.2: Scatter plots of ∆SILB or ∆SILF for (a) W, (b) H1, (c) 
DSIL and (d) ΔDist 
10.2 GENERATING SDR VARIABLE 
To develop a theoretical form of 𝑆𝐷  to be used in the design guides, the 
calculated data was analysed through the use of multivariable linear 
regression with power indices using a spreadsheet. 𝑆𝐷  is calculated from 
the predicted data using Eq. 45 where a value less than one indicates 
overall specular energy is greater than the direct path energy. Three 
variables, (  𝐷    , are linearly regressed with 𝑆𝐷 with exponents as per 
the general form in Eq. 52. Each of the balcony types and receiver 
locations are assessed separately. The presence of parapet and ceiling 
absorption has been excluded from the regression due to each balcony 
type being assessed independently.  
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 𝑆𝐷      
        𝐷
          
     (52) 
It is useful to inspect visually the relationships between 𝑆𝐷  and  𝑆𝐼   
and  𝑆𝐼   and comparing these relationships across balcony types. To do 
this, Types 1, 2, 3 and 9 balconies are selected to compare the extremes 
between balcony acoustic treatment levels and the results are shown in 
Figure 10.3. It is observed in Figure 10.3 that 𝑆𝐷  is significantly 
different between balcony types and depends strongly on the presence of 
parapets and/or ceiling absorption. The Type 1 balcony ( Figure 10.3(a)) 
exhibits a narrow range of 𝑆𝐷  over a wide range of  𝑆𝐼   or  𝑆𝐼  . 
Locations where 𝑆𝐷    are those where the leading floor edge provides 
diffraction attenuation significant enough to reduce direct energy below 
specular reflections from the opposite buildings. The high concentrations 
of 𝑆𝐷    occurs due to strong first order specular reflections off the 
ground plane being similar to the direct path energy, which may or may 
not include diffraction attenuation. A Type 2 balcony (Figure 10.3(b)) has 
significantly less distribution in  𝑆𝐼   or  𝑆𝐼   than a Type 1 balcony due 
to reflection from the ceiling plane alone. The strong first order specular 
reflections from the ceiling plane ensures a relative concentration of low 
𝑆𝐷  correlated with low  𝑆𝐼   or  𝑆𝐼  . A Type 3 balcony (Figure 
10.3(c)) demonstrates a similar trend to a Type 2 balcony; however , the 
inclusion of a parapet increases  𝑆𝐼   or  𝑆𝐼   for a number of scenarios 
resulting in a wider range of 𝑆𝐷   . The parapet is not influential in 
many scenarios where 𝑆𝐷     similar to many Type 2 scenarios. The 
Type 9 balcony (Figure 10.3(d)) has a similar spread of data to the Type 
1; however, the presence of a ceiling, albeit absorptive, concentrates 
many scenarios where 𝑆𝐷    and  𝑆𝐼      or  𝑆𝐼     . Similar to 
earlier findings, this again indicates the importance of absorption being 
placed on balcony ceilings in order to increase  𝑆𝐼   or  𝑆𝐼  . 
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Figure 10.3: Scatter plots of SDR against ∆SILB or ∆SILF for 
balconies (a) Type 1, (b) Type 2, (c) Type 3 and (d) Type 9. 
The coefficients and exponents with the highest derived correlation f or 
each balcony type and receiver are shown in Table 10.1. These values 
were obtained by iteration of each coefficient and exponent such that the 
highest 𝑅  correlation coefficient is determined. The 𝑅  is above 99% 
with average 95% confidence interval standard errors , SE, of ±0.12dB for 
all balcony types and receivers which is a highly correlated result. Thus 
Eq. 52 using coefficients and exponents in Table 10.1 is deemed suitable 
for inclusion into the design guide to predict 𝑆𝐷 . To predict 𝑆𝐷  using 
Eq. 52 the only inputs required are   𝐷 and    which are easily 
obtainable from a geometrical inspection of the balcony and the street.  
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Table 10.1: Coefficients and exponents for each balcony type and 
receiver for use in Eq. 52 
Position 
Balcony 
Type 
                     R
2 
SE* 
Balcony 1 0.0105 0.3218 0.1011 0.9476 -0.0191 0.0950 0.997 ±0.104 
 2 0.6682 0.4596 -0.0680 0.0086 -0.0422 1.1152 0.996 ±0.120 
 3 0.2526 0.3531 -0.1201 0.1525 -0.0847 0.9121 0.992 ±0.161 
 4 0.6222 0.0928 -0.0380 0.0084 -0.4080 1.4929 0.996 ±0.126 
 5 0.8626 0.9520 -0.0292 0.0013 -0.0016 1.0560 0.997 ±0.110 
 6 0.6446 0.4604 -0.0613 0.0097 -0.0397 1.1126 0.994 ±0.145 
 7 0.8644 0.9467 -0.0262 0.0012 -0.0014 1.0517 0.997 ±0.114 
 8 0.3218 0.3571 -0.0844 0.0864 -0.0835 1.0207 0.993 ±0.154 
 9 0.8401 0.9538 -0.0389 0.0022 -0.0015 1.0418 0.995 ±0.137 
Facade 1 0.9016 0.9233 0.0253 0.0002 -0.0004 1.0193 0.998 ±0.096 
 2 0.9046 0.5584 -0.0342 0.0019 -0.0310 1.1061 0.997 ±0.106 
 3 0.8364 0.2410 -0.0375 0.0042 -0.2136 1.2772 0.995 ±0.125 
 4 0.9615 -0.1637 -0.0175 0.0009 0.5210 0.6155 0.996 ±0.121 
 5 0.8866 0.9591 -0.0048 0.0007 -0.0017 1.0420 0.997 ±0.112 
 6 0.8983 0.5671 -0.0414 0.0023 -0.0276 1.1042 0.995 ±0.132 
 7 0.8844 0.9526 -0.0062 0.0007 -0.0014 1.0403 0.997 ±0.111 
 8 0.7853 0.3031 -0.0493 0.0057 -0.1355 1.2059 0.995 ±0.130 
 9 0.9855 -0.2155 -0.0258 0.0010 0.3718 0.7672 0.996 ±0.130 
  0.0105 0.3218 0.1011 0.9476 -0.0191 0.0950 0.997 ±0.104 
*95%CI          
10.3  SIL REGRESSION 
Multivariate linear regression is conducted using a spreadsheet in order to 
derive an appropriate design guide equation for each balcony type . 
Regression on the entire dataset including all balcony types combined did 
not return a reasonable correlation which is to be expected as there are 
vast differences between the balcony types. The relative weight of each 
variable in predicting  𝑆𝐼  also differs depending on balcony type and 
location, so each variable is individually considered to follow the same 
modified exponential form (𝑦         ). The overall equation to 
predict  𝑆𝐼  follows the form in Eq. 53 where the relevant coefficients 
are presented in Table 10.2 for the balcony receiver and Table 10.3 for 
the façade receiver. Like 𝑆𝐷 , these values were obtained by iteration of 
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each coefficient, exponent and constant such that the highest 𝑅  
correlation coefficient is determined. Each balcony type and receiver 
location achieves an independent correlation coefficient, 𝑅 , and 95% 
confidence interval standard error, SE, which are also presented in  Table 
10.2 and Table 10.3. 
 
 𝑆𝐼         𝐷          
              𝑆𝐷 
        
      𝛼 
                
        
      𝜁
         
(53) 
Table 10.2: Balcony receiver coefficients, exponents and constants 
for each balcony type and receiver for use in Eq. 53. 
Var. 
Balcony Type 
1 2 3 4 5 6 7 8 9 
    1.458 1.424 28.518 2.677 1.001 5.563 0.971 8.877 2.948 
    1.000 0.979 1.001 1.000 0.995 1.000 0.998 0.987 1.000 
     0.785 0.542 0.087 0.622 0.810 0.235 0.814 0.334 0.634 
     0.003 2.494 -0.558 0.005 0.536 0.007 0.360 0.439 0.004 
    -0.112 -2.945 5.105 -4.647 -16.977 -1.816 -20.376 -5.652 -5.645 
    1.000 0.993 1.016 1.000 0.960 1.000 0.987 0.979 1.000 
     0.998 0.794 0.968 1.011 1.624 0.991 1.652 -1.874 1.010 
     0.002 0.238 -0.195 -0.011 -0.711 0.009 -0.701 1.064 -0.011 
    0.000 -0.307 -9.553 1.278 3.095 -0.964 4.654 -0.065 1.317 
    1.000 0.978 1.000 1.000 0.965 1.000 0.990 0.990 1.000 
     1.000 2.453 0.337 0.980 0.486 0.994 0.371 2.523 0.985 
     0.000 -1.087 0.213 0.011 0.960 0.003 0.537 -0.347 0.007 
    -0.010 0.007 0.004 -0.002 -0.010 0.001 -0.009 0.003 -0.002 
    1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
     0.994 0.754 0.970 1.000 0.886 0.999 0.918 0.962 1.000 
     0.000 0.003 0.000 0.000 -0.002 0.000 -0.001 0.000 0.000 
    0.313 0.016 0.133 0.082 0.073 -0.063 0.051 -0.111 -0.218 
    1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
     0.999 0.964 1.000 1.000 0.972 1.000 0.984 1.005 1.000 
     0.001 0.081 -0.005 0.001 0.063 0.001 0.034 -0.016 -0.001 
R
2
 0.954 0.986 0.915 0.986 0.977 0.955 0.976 0.941 0.987 
SE ±3.8 ±1.1 ±4.6 ±2.9 ±2.4 ±2.2 ±2.6 ±4.7 ±3.1 
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Table 10.3: Facade receiver coefficients, exponents and constants 
for each balcony type and receiver for use in Eq. 53 
Var. 
Balcony Type 
1 2 3 4 5 6 7 8 9 
    3.123 6.853 6.604 1.913 3.831 -9.191 2.843 12.888 2.152 
    0.983 1.000 0.998 0.995 0.981 1.000 1.012 1.000 0.996 
     0.509 0.150 0.274 0.670 0.320 -0.104 0.363 0.204 0.614 
     2.200 0.021 -1.121 0.389 0.905 0.016 1.133 -0.352 0.416 
    -50.904 -5.970 2.069 -15.037 -21.471 -7.639 -23.713 4.316 -20.069 
    1.031 1.000 1.001 0.953 0.959 0.988 1.043 1.002 0.958 
     2.069 1.072 1.090 1.678 2.926 1.667 3.054 0.928 1.747 
     -0.992 -0.079 -0.232 -0.835 -0.883 -0.690 -1.059 -0.139 -0.864 
    0.000 0.189 -0.589 0.510 -0.558 10.321 -0.415 -5.892 1.235 
    1.000 1.000 1.000 0.996 1.001 0.994 1.000 1.000 0.996 
     1.000 0.866 -0.041 0.686 0.936 -0.025 0.882 0.481 0.642 
     0.000 0.097 0.334 0.162 0.131 0.413 0.104 0.121 0.167 
    -0.019 0.002 0.007 -0.002 -0.024 0.000 -0.050 0.002 -0.003 
    1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
     0.804 0.996 0.870 0.999 0.657 0.997 0.508 0.990 0.997 
     -0.003 0.000 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 
    -0.474 -0.069 0.034 -0.437 -0.495 -0.073 -0.551 -0.016 -0.570 
    1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
     1.065 0.996 0.998 1.010 1.040 0.994 1.076 0.999 1.013 
     -0.147 0.011 0.007 -0.034 -0.014 0.021 -0.015 0.003 -0.043 
R
2
 0.918 0.967 0.956 0.983 0.963 0.954 0.964 0.938 0.980 
SE ±5.6 ±1.8 ±2.9 ±3.2 ±3.4 ±2.3 ±3.4 ±4.2 ±3.6 
          
The minimum 𝑅        occurs for Type 3  𝑆𝐼  , the maximum 𝑅
  
      occurs for Type 9  𝑆𝐼   and the mean across all balcony types and 
receivers is 𝑅       . The least prediction accuracy ±5.6 dB occurs for 
Type 1  𝑆𝐼  , the highest prediction accuracy ±1.1 dB occurs for Type 2 
 𝑆𝐼   and the mean prediction accuracy across all balcony types and 
receivers is ±3.2 dB. 
A scatter plot of all 9720 scenarios of  𝑆𝐼   or  𝑆𝐼   versus  𝑆𝐼   is 
shown in Figure 10.4 where it can be observed that a direct linear 
relationship has been obtained from the study. Direct linear regression of 
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Figure 10.4 determines a satisfactory correlation coefficient,  𝑅        
and prediction accuracy of ±3.4 dB which is also satisfactory. Thus it is 
considered that Eq. 53 in combination with the coefficients, exponents 
and constants in Table 10.2 and Table 10.3 provides a satisfactory level 
of accuracy in prediction of the effects of various balcony types and 
scenarios on differences in speech interference level.  
 
Figure 10.4: Scatter plot of ∆SILB or ∆SILF versus ∆SILP where 
∆SILP is calculated from Eq. 53 using the coefficients, exponents 
and constants from Table 10.2 and Table 10.3 (R
2 
= 0.89, ±3.4 dB) 
10.4 FINAL DESIGN GUIDE DISCUSSION 
This study has explored the development of potentially simple application 
of a design guide algorithm to predict the difference in speech 
interference level depending on balcony type, acoustic treatment and 
location within a street canyon. Through the use of a combined direct, 
specular reflection and diffuse path theoretical and computer model along 
with simplifying assumptions, many scenarios have been calculated and 
used to develop this proposed design guide.  
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The final format of the design guide is in the form of Eq. 53 in 
combination with the coefficients, exponents and constants in Table 10.2 
and Table 10.3. Eq. 53 could be used in a spreadsheet or coded into 
environmental noise prediction software. The design guide can be 
universally applied across many jurisdictions because it is based on the 
level difference between the reference position and the balcony receiver, 
thus allowing calculation to the reference position by any method. As the 
SIL calculations leading to Eq. 53 are LAeq based, it is more appropriate 
to calculate the LAeq at the reference position.  
There are a number of limitations in the research which need to be noted, 
specifically in the scenarios that are not currently included in the results 
database, such as (i) balconies with less width, (ii) balconies with depth 
larger than 4.0m, (iii) balconies with heights other than 3.0m, (iv) 
comparisons with multiple sources (simultaneous or time-lagged) and (v) 
variable distance between source and opposite facades. Future work in 
this area should focus on increasing the numbers of scenarios and also 
aiming to develop design guide algorithms which have hi gher accuracy 
than that presented above.  
Regardless of the above-mentioned limitations, a satisfactorily strong 
correlation between the proposed design guide predictions and the 
calculated values is obtained. This suggests that the design guide 
algorithm can be used to promote the use of balcony acoustic treatments 
in the building design profession. The proposed design guide is also 
likely to assist acoustic professionals in optimising selection and location 
of balcony acoustic treatments to reduce SIL and also overall road traffic 
noise sound pressure level and its effects on people on residential 
balconies. An additional benefit of the design guide is its improved 
ability to predict SIL on balcony facades, which can be translated into 
improved optimised selection of building façade sound transmission loss 
performance. This may assist acoustic professional to meet specified 
internal road traffic noise criteria, thus reducing other potentially harmful 
effects on people caused by road traffic noise, such as sl eep disturbance. 
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Finally, it is concluded that balcony acoustic treatments have a 
significant effect on speech interference levels on residential balconies 
that are subject to road traffic noise.  
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CHAPTER 11 CONCLUSION  
Through a series of coherent studies, this research has (i) 
comprehensively confirmed the research hypothesis (Section 1.4) and (ii) 
achieved the research aims (Section 1.5). 
The hypotheses of this research are:  
1. Certain balcony geometries reduce road traffic noise levels 
and reduce speech interference for persons located on the 
balcony. 
2. Certain acoustic treatments to balconies reduce road traffic 
noise levels and reduce speech interference for persons 
located on the balcony.  
3. A combined direct path, specular reflection path and diffuse 
reflection path theoretical model can calculate with 
sufficient accuracy road traffic noise levels and speech 
interference indicators on a residential balcony in an urban 
street environment.  
4. A combined direct path, specular reflection path and diffuse 
reflection path theoretical model can produce calculations 
for a sufficient sample size of certain geometries and 
acoustic treatments to produce a series of pragmatic design 
guides for use by acoustic professionals.  
Regarding the first hypothesis, this thesis has demonstrated that certain 
balcony geometries reduce road traffic noise levels and reduce speech 
interference for persons located on the balcony. On the second hypothesis 
it is shown that certain acoustic treatments to ba lconies reduce road 
traffic noise levels and reduce speech interference for persons located on 
the balcony. The third hypothesis stated that a combined direct path, 
specular reflection path and diffuse path theoretical model can calculate 
with sufficient accuracy road traffic noise levels and speech interference 
indicators on a residential balcony in an urban street environment; and 
this has been confirmed. The development of the design guides in Chapter 
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10 confirms the fourth hypothesis that stated the theoretical and computer 
model developed for this research can produce calculations for a 
sufficient sample size of certain geometries and acoustic treatments to 
produce a series of pragmatic design guides for use by acoustic 
professionals. 
This research has resulted in a number of publications, both in peer 
reviewed conference and journal platforms. One of the primary aims of 
the research was to promote awareness  of balcony acoustic treatments and 
this thesis embodies that work. The work is comprehensive by a ssessing a 
very large number of geometric and acoustic scenarios, larger than 
existing works by others, and thus it is considered that this thesis 
achieves another aim by combing and enhancing upon existing 
knowledge. The development of the design guides enables optimisation in 
building design practices and if implemented appropriately, balcony 
acoustic treatments have the potential to improve certain health aspects of 
communities. 
It is recognised that there is an ongoing need to improve the accuracy of 
road traffic noise predictions in order to conduct more optimi sed acoustic 
design for both building architecture and streetscape design. This need is 
becoming increasingly important for road traffic noise mapping studies 
that aim to assess the exposure levels of our communities. The need to 
minimise building costs raises another aspect where optimised balcony 
acoustic design finds its importance. It is found from this research, that 
appropriate balcony acoustic treatments will be optimised if focused on 
the relevant ‘zone’ in relation to the source. Balconies close to the source 
and at low elevations could easily warrant a different balcony acoustic 
treatment than a balcony placed further up the same façade at higher 
elevation. The importance of the design of the urban street is highlighted 
in this research and building designers may take note of the need to avoid 
facades that induce specular reflections. Thus, there is plenty of scope to 
further this research.  
The outcomes of this research show that balconies that are acoustically 
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treated or otherwise should not be ignored for their acoustic effects on 
speech interference and transmission. Nor should they be neglected when 
designing to meet internal noise levels or to promote natural ventilation.  
It is important to improve speech communication on balconies to improve 
the usability of private outdoor space. Speech interference is a parameter 
that can be used to assess the benefits of balcony acoustic design. In 
terms of the treatment components, the most effective treatment is the 
parapet, followed by ceiling absorption. The inclusion of a ceiling shield 
provides additional benefit, albeit minimal further improvement. The 
most effective design is a combination of treatments . However, there is 
scope to be able to select the most effective combination depending on 
site specific circumstances. The results of this research are in agreement 
with other studies on the effects of balcony acoustic treatments  and this 
research has extended that knowledge through the applicat ion of speech 
interference and design guides for optimisation to a larger range of street 
and balcony geometries and treatments.  
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